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Glossary 

Biodiesel Fatty acid methyl or ethyl esters made out of 
fatty acid material. 

Catalyst Chemical compound that increases the reac¬ 
tion rate of a chemical reaction, either soluble 
(homogenous) or insoluble (heterogeneous). 

BtL fuels Fuels made out of biomass by gasification 
and further synthesis with Fischer-Tropsch 
catalysts. 

Esterification Chemical reaction of a carboxylic acid 
with an alcohol forming a carboxylic ester and 
water. 

Feedstocks Any vegetable oil, animal fat, waste oils 
like used cooking oil, fatty acids. 

Green house gas (GHG) savings Saving of the emis¬ 
sions of green house gases of a biofuel in the whole 
production chain in comparison to fossil fuel. 

Life cycle analysis Assessment of the environmental 
impacts of a given product caused by its production 
and use. 


Transesterification Chemical reaction of a carboxylic 
ester with an alcohol or a carboxylic acid in order to 
obtain another carboxylic ester. 

Definition of the Subject and Its Importance 

The transport sector is one the fastest growing segment 
using fossil-based products. Especially because of the 
economic development in countries like India and 
China, there is a need for high mobility and transport. 
Todays transport system is based on combustion 
engines using fossil fuels, leading to a sharp increase 
of emissions of green house gases (GHG) within the 
last decades. Furthermore, for most of the industrial¬ 
ized countries there is a strong dependency on oil- 
producing countries, which could cause political con¬ 
flicts and even wars. Therefore, especially in times of 
a sharp increase in crude oil prices, the question of 
alternative fuels or transport systems is highly 
discussed. Moreover, the effects of global warming 
caused by the increased emissions of green house 
gases stimulate the call for alternative fuels. For kinds 
of energy like electricity and heating power, there are 
sufficient alternatives available like photovoltaics, wind 
energy, and biomass; in the transport sector, the alter¬ 
natives are rare. Electric vehicles could be used in 
special segments of the transport sector like in urban 
areas, but due to the limited capacity of energy storage 
in batteries, these electrically powered cars could not 
substitute combustion engines in large extent within 
the next decades. For aviation fuels, there has not been 
any suitable alternative to kerosene. The use of alterna¬ 
tively produced hydrogen basically could power com¬ 
bustion engines as well as electric cars with fuel cells, 
but because of the high price and lack of infrastructure 
there would not be a market penetration within the 
next decade. So the only short-term alternative for the 
transport sector is the use of liquid biofuels, which are 
produced out of biomass and could be used in existing 
engines. Bio-ethanol is a well-established fuel for gaso¬ 
line cars, starting with activities in Brazil in the 1970s, 
and biodiesel made out of fats and oils is an ideal 
alternative fuel for diesel engines, which are the only 
type of engine used in heavy-duty vehicles in the trans¬ 
port sector but also in large extent in passenger cars in 
Europe. Biofuels not only can substitute to a certain 
extent the high demand for fuels in the transport sector 
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and therefore lead to less dependency on fossil fuel 
imports, but also have an environmental effect in low¬ 
ering local emissions of soot and particles and also 
global emissions of green house gases. Furthermore, 
the production of biofuels could also contribute to 
social welfare by increasing the employment in the 
agricultural and industrial sector. However, the sus¬ 
tainability of biofuels production and utilization has 
to be proven by life cycle assessment (LCA) and thor¬ 
ough evaluation of the social impacts. 

Introduction 

The main drivers for the fast development of biofuels in 
the last decade worldwide where on the one side the 
high dependence of most of the countries on imports of 
fossil fuels, and on the other side the need for reduction 
of green house gases. 

Biodiesel today is the most popular biofuel besides 
bio ethanol. Chemically, biodiesel is defined as fatty 
acid methyl or ethyl esters made out of vegetable oils 
or animal fats. Because of the limited availability of 
agricultural areas and because of the food versus fuel 
discussion in the last years, especially, waste oils like 
used frying oil or animal fat as well as microbial oils 
from microalgae are highly favored. But also other 
nonfood crops like Jatropha curcas , which could be 
also cultivated on marginal areas, are currently inves¬ 
tigated. Other biofuels for diesel engines are pure veg¬ 
etable oils or biomass to liquid fuels (BtL), made via 
gasification of biomass and Fischer-Tropsch synthesis. 
As most of the biodiesel today is used as blend with 
fossil fuel and the warranties of most of the engine 
manufacturers and fuel companies only are given up 
to a specific amount of conventional biodiesel in fossil 
fuel, also hydrogenation of vegetable oils to remove the 
oxygen leading to hydrocarbons, which could be mixed 
with biodiesel also in higher amounts, is a possible 
route. These fuels, which are called hydrogenated veg¬ 
etable oils (HVO) or NExBtL fuels, will also come into 
the market within the next years. 

In this entry, mainly conventional biodiesel, fatty 
acid methyl, and ethyl ester, will be covered in detail. 

History of Biodiesel 

The idea to use vegetable oils as fuels for diesel engines 
is more than 100 years old. As Knothe points out in 


a review on the historical development of biofuel pro¬ 
duction, Rudolf Diesel himself, the inventor of the 
diesel engine, conducted engine tests on plant oils [ 1 ]. 
So one prototype of his new engine presented at the 
World’s Exhibition in Paris in 1900 ran on peanut oil 
and did so quite smoothly, so that hardly any visitor 
was aware of the fact. The idea for this test had appar¬ 
ently stemmed from the French government, which was 
searching for a means of domestic fuel production in 
their African colonies. Several other European coun¬ 
tries took up the idea, which resulted in a number of 
articles on the use of tropical oils as diesel fuels by 
Belgian, French, Italian, British, and German authors. 
However, as petroleum-based fuels soon became avail¬ 
able in large quantities at comparatively low cost, inter¬ 
est in plant oils diminished. Except for some attempts 
at utilizing renewable sources of energy during the 
Second World War, it was only in the 1970s that the 
worldwide oil crises and a growing environmental 
awareness led to the rediscovery of plant oils as possible 
alternatives to hydrocarbon-based fuels. The urge to 
fight agricultural overproduction served as an addi¬ 
tional incentive to this development. As neat vegetable 
oils can only be used in modified diesel engines because 
of their high viscosity compared to fossil fuel, chemical 
transformation of the vegetable oils is the matter of 
choice to adapt the fuel to existing engines. 

Transesterification of vegetable oils with lower alco¬ 
hols has turned out to be an ideal modification, so that 
the term “biodiesel” is now only used to denote prod¬ 
ucts obtained by this technology. The reaction between 
triglycerides and lower alcohols, yielding free glycerol 
and the fatty acid esters of the respective alcohol, was 
first described in 1852 [2]. The first reference to fatty 
acid alkyl ester fuels stems from 1937. A Belgian patent 
on the production of palm oil ethyl esters by acid- 
catalyzed transesterification describes the first use of a 
fuel, which would now be referred to as “biodiesel” [3] . 
Only a year later, in the summer of 1938, a bus fueled 
with palm oil ethyl esters ran between Brussels and 
Louvain [4]. However, these pioneering efforts in 
utilizing transesterified vegetable oils seem to have 
petered out soon afterward. 

After a break in the study of fatty acid alkyl ester 
fuels of about 40 years, the idea was taken up again at 
the beginning of the 1980s. The topic was discussed 
in several international conferences and reappeared in 
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scientific publications. Rapeseed oil methyl esters 
(RME) was being produced and its feasibility as a diesel 
fuel was first being tested at Graz University [5]. Also 
other teams in South Africa (1981), Germany, and New 
Zealand (1982) soon directed their research efforts to 
the production of biodiesel. Already in 1987, a small 
pilot plant in Silberberg, Austria, started its production 
of rapeseed oil methyl esters, based on an innovative 
low-pressure, low-temperature technology, which had 
been developed by Mittelbach et al. 1986 [6]. The first 
industrial production plant for RME followed in 1991 
(Aschach/Donau, Austria), and in 1995 two large-scale 
industrial plants in Rouen, France, and Leer, Germany, 
documented the rapid growth of the young biodiesel 
industry. The term “biodiesel” itself seems to have been 
coined in a Chinese article [7]. The next use of the 
expression in the scientific literature is documented in 
1991 [8] after which the number of articles on the topic 
increased exponentially. 

Biodiesel Production and Utilization Worldwide 

Within the last decade, biodiesel production worldwide 
has been expanded enormously. Almost in every coun¬ 
try worldwide, there are biodiesel activities, either in 
research, or in production in pilot or industrial scale. 
The main reasons for this rapid development are on 
one side the relatively easy process for transester- 
ifcation of vegetable oils, which could be done without 
major investments, and on the other side the easy and 
well-established utilization of this biofuel either as pure 
fuel or as various blends with fossil diesel without any 
modifications of the engine. 

As it can be seen in Fig. 1, the world production of 
biodiesel in 2008 was 12.2 million tons, out of which 
65% have been produced in the EU-27. According to 
Table 1, the leading country is Germany with a long 
tradition in biodiesel, followed by the USA, which 
mostly produced biodiesel for the export to Europe; 
however, this export has been reduced significantly in 
2009 due to new legislation in Europe. Outside Europe, 
the major biodiesel producers are the soybean- 
producing countries, namely, the USA, Argentina, 
and Brazil. Within Europe, there is a big gap between 
biodiesel production capacity and actual biodiesel pro¬ 
duction, as can be seen in Table 2. There are several 
reasons for that fact: First of all the dramatic increase 
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Biodiesel. Figure 1 

Biodiesel production 2008 EU-27 and worldwide 


Biodiesel. Table 1 Ranking of the biodiesel-producing 
countries worldwide (Source: Argentine Biofuels 
Chamber [9]) 



Country 

Biodiesel production 
million tons in 2008 

1 . 

Germany 

2,819 

2. 

USA 

2,327 

3. 

France 

1,815 

4. 

Brazil 

1,027 

5. 

Argentina 

960 

6. 

Italy 

595 

7. 

Malaysia 

420 

8. 

Belgium 

277 

9. 

Poland 

275 

10 . 

Portugal 

268 


in vegetable oil prices in 2008, which, however, 
stabilized in 2009, and the insecurity on the future 
of biofuels as long as the new European Energy 
Directive had not been finalized. Furthermore, 
especially in Germany the introduction of mineral oil 
tax for pure biodiesel almost totally shut down the use 
of pure biodiesel (B100). 

Europe is still the biggest consumer of biodiesel, 
about 2 million tons of biodiesel are imported. Most 
of the biodiesel is used in blends with fossil diesel and 
regularly sold at filling stations as B5 or B7, which 
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Biodiesel. Table 2 Biodiesel production and capacity in 
EU (European Biodiesel Board [10]) 


Country 

Production 2008 

Capacity 2009 

Germany 

2,819 

5,200 

France 

1,815 

2,505 

Italy 

595 

1,910 

Belgium 

277 

705 

Poland 

275 

580 

Portugal 

268 

468 

Denmark/Sweden 

231 

352 

Austria 

213 

707 

Spain 

207 

3,656 

UK 

192 

609 

Slovakia 

146 

247 

Greece 

107 

715 

Hungary 

105 

186 

Czech Rep. 

104 

325 

The Netherlands 

101 

1,036 

Finland 

85 

340 

Others 

215 

1,360 

Total 

7,755 

20,909 


means 5% respectively 7%/volume blended with fossil 
diesel. Higher blends today have not been accepted by 
most of the engine manufacturers, so to reach the 
European goals of 10% biofuels (on an energy base) 
in 2020 either other biofuels have to be introduced (BtL 
or hydrogenated vegetable oils) or higher blends have 
to be used in special market segments like agriculture 
and captive fleets. 

Feedstock for Biodiesel Production 

The main feedstocks for biodiesel production are still 
the most common vegetable oils like rapeseed oil 
(Canola) or soybean oil. All major seed oils have similar 
fatty acid distribution, so the properties of the biodiesel 
produced is also quite similar except the cold temper¬ 
ature behavior, which depends on the sum of total 
saturated fatty acids. According to Fig. 2 in Europe 
the dominating source is rapeseed oil, which is also 
the main vegetable oil produced. Rapeseed oil gives 
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Feedstocks for biodiesel production in Europe, estimation 
for 2009 (USDA [11]) 


a biodiesel, which meets the European specification 
for biodiesel, EN 14214, and has the best cold temper¬ 
ature behavior from all common feedstock. On the 
second place, there is soybean oil, which is mainly 
imported as biodiesel from the USA and Argentina. 
Biodiesel from 100% soybean oil does not meet the 
EN 14214 specification because of the higher Iodine 
Number due to the higher content of linoleic acid, 
however, it can be used as blend with other feedstock. 

One of the most important factors for the economy 
of biodiesel production is the price of feedstock. Rape- 
seed oil is the most expensive vegetable oil for biodiesel 
production, so most of the biodiesel producers have to 
blend rapeseed oil with a certain amount of other oils, 
for example, used frying oil or waste animal fat. How¬ 
ever, the amount of these products is limited and due to 
the high demand of these sources also the price 
increased significantly. One of the cheapest vegetable 
oil is palm oil, which is mainly produced in Malaysia 
and Indonesia, but the amount as blending feedstock is 
limited due to the poor cold temperature behavior. 

The world production of vegetable oils and animal 
fats today is about 150 million tons, out of which 
already 12 million tons are used as feedstock for bio¬ 
diesel. As most of the vegetable oil and animal fat 
production is used for food purposes, the maximum 
amount for biodiesel production is limited if there 
would not be any significant increase in oil and fat 
production. Twelve million tons of biodiesel together 
with about 40 million tons of bioethanol worldwide 
substitute fossil transport fuel with approximately 
1.3%. As diesel fuel is the major fuel in transportation, 
it can be seen easily that vegetable oils and fats alone 
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cannot substitute diesel fuel in a significant share. So 
new feedstocks, which do not necessarily require com¬ 
mon agricultural areas, have to be found in order to 
meet the high demand for biobased diesel fuel. High 
expectations were put into BtL (biomass to liquid fuels) 
production from lignocellulosic feedstock, so-called 
second-generation fuels, which however were not ful¬ 
filled until today because of high development and 
investment costs for such technology. Only one pro¬ 
duction plant in Freiberg, Germany (CHOREN), exists 
today, which until mid-2010 has not been put into 
standard operation. Other technologies like hydroge¬ 
nated vegetable oils require the same feedstock as com¬ 
mon biodiesel, so this route will not lead to higher 
amounts of biodiesel. 

Promising feedstock in mid-term or long-term per¬ 
spective are nonfood feedstock like Jatropha curcas L., 
which can be also grown on marginal areas or oils 
from microalgae that can be grown in open ponds or 
photo-bioreactors. 

Nonedible Oils as Feedstock for Biodiesel 
Production 

Out of the enormous potential of possible nonedible 
seeds, /. curcas as example will be described in detail 
to show the potential and risks of nonfood feedstock. 


/. curcas has shown to be the most promising nonedible 
crop for biofuel production. This can be seen on the 
one side on the number of international Jatropha 
conferences organized during the last decade, and on 
the other side on the increasing number of scientific 
publications, which are dealing with research on 
Jatropha as alternative feedstock (Fig. 3). 

The first activities in the exploration of /. curcas as 
possible feedstock for biodiesel production has been 
carried out within the Biomass Project in Nicaragua 
between 1990 and 2000, financed by the Austrian 
government. Within that project, a total area of 
1,000 ha of /. curcas had been planted, and also a bio¬ 
diesel plant has been installed, which however, never 
went into operation. One highlight of the project was 
the organization of the first international conference on 
/. curcas in Managua in 1997. The proceedings of that 
conference covered the whole spectrum of /. curcas 
knowledge at that time [13]. However, the whole pro¬ 
ject was stopped according to an external evaluation 
coming to the conclusion: “The biofuel part, however, 
suffers from the development of fossil fuel prices, 
which makes the production of diesel from physic nut 
uneconomic at the moment.” 

The most influencing factor for the total economic 
evaluation of /. curcas utilization is the use of the side 
product oil cake, which would bring the most benefit if 



Biodiesel. Figure 3 

Number of scientific publications on Jatropha according to SciFinder, CAS [12] 
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it could be used as animal feed. However, due to the 
remaining highly toxic phorbol esters in the oil cake the 
use as animal feed is not possible without any efficient 
detoxification. So today, the only possible utilization of 
oil cake would be the use as fertilizer, which, however, is 
far less profitable than the use as animal feed. 

The main advantages of /. curcas over other food 
crops can be summarized in the following: 

• Wide distribution in the tropics 

• Good adaptation to marginal areas, poor soil 

• Best adaptation to arid and semiarid conditions 

• Easy agronomic handling 

• No competition with food crops due to the content 
of toxic compounds 

• High oil content in the seeds: up to 55% (dehulled) 

On the other side, there are some drawbacks of 
/. curcas like the following: 

• High yields need intensive agricultural production 
(water, fertilizer, pest control) 

• Toxic seeds have to be processed in specified plants 

• The use of side products like seed cake and glycerol 
is limited 

• Harvesting is laborious, long harvesting period 

• The actual yield of seeds per ha is lower than expected 

One main disadvantage can be seen in the laborious 
harvesting, which today has to be done manually. On the 
one side, this fact is seen positively because the laborious 
harvesting could bring income to people living in rural 
areas, on the other side the total economy of /. curcas is 
mainly influenced by the costs of labor, which could 
increase rapidly. The advantage to use a nonedible crop 
could easily change into a disadvantage, if the utiliza¬ 
tion of side products like oil cake and glycerol is limited 
and less economic. 

The main strategies to overcome these problems 
could be either the use of nontoxic varieties like some 
Mexican species or the detoxification of side products 
in order to get higher value-added products. 

It can be seen that countries like China and India, 
where the use of food products for biofuel production 
is not accepted, have the greatest interest in nonedible 
plants like Jatropha. It is quite obvious that the utiliza¬ 
tion of Jatropha should not be focused on biofuels 
alone, but should include all other parts of the plants 


as well as the side products of biodiesel production. 
Especially in China, there is a big interest in the utili¬ 
zation of the biologically active components in the 
different parts of the plant. Also the extraction of 
phorbol esters out of the oil and further utilization of 
these products is of great importance. Especially high 
value-added minor components and side products 
could improve the overall economy of Jatropha 
production and could overcome the high costs of 
labor-intensive manual harvesting. The use of nontoxic 
varieties like some species from Mexico might be 
challenging and attractive, however, also the possible 
risks have to be considered. Within a global market for 
seeds and oil, the coexistence between nontoxic and 
toxic varieties might be a high risk, especially if 
nontoxic oil and oil cake are considered as potential 
food and feed. Special certification, labeling, and con¬ 
trol systems have to be established in order to avoid 
serious accidents with dramatic consequences for the 
whole business. 

In mid-term future, the use of toxic Jatropha 
varieties will be favored, especially because of already 
established large investments in classical Jatropha 
plantations in a series of areas like Africa, India, 
Indonesia, and China. However, research in nontoxic 
varieties has to be carried out in order to evaluate the 
potential of these varieties for food and feed produc¬ 
tion. The focus for the utilization of toxic varieties 
will be the detoxification of the oil in order to 
obtain additional high value-added products, and the 
detoxification of the oil cake in order to get a nontoxic 
animal feed. 

Within the last years, a significant number on 
reviews on /. curcas have been published worldwide. 
In two recent reviews, the latest developments in agron¬ 
omy, oil production, alkyl ester production, toxicity, 
plant breeding, and crop expansion of /. curcas are 
discussed [14, 15]. The seeds of the plant are not only 
a source of biodiesel but also contain several metabo¬ 
lites of pharmaceutical importance. Common exploi¬ 
tation for biopharmaceuticals and bioenergy 
production are some of the prospective future potential 
of this plant [16, 17]. 

A series of publications are dealing with the 
detoxification of either Jatropha oil and/or oil cake 
mainly focusing on the degradation of the highly 
toxic phorbol esters in order to use the oil cake as 
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animal feed [18, 19]. However, no technically feasible 
method has been developed so far to totally detoxify 
the seed cake for safe use as an animal feed. 

Potential of Microalgae as Feedstock for 
Biodiesel 

Because of the food versus fuel discussion within the 
last years, microalgae as potential feedstock for biofuel 
production has been discussed widely around the 
world. High expectations have been set into this kind 
of biomass, because no agricultural areas are necessary 
for cultivation and additionally green algae need C0 2 
as carbon source, which could be taken out of flue gases 
from power stations and could help to reduce overall 
green house gases. 

Almost 30 years ago, the US department of energy 
had launched a program studying the potential of 
microalgae as biofuel, but the program was stopped 
in 1996 due to the high production costs compared to 
the low fossil fuel prices. 

Microalgae include a variety of photosynthetic 
microorganisms capable of fixing C0 2 from the atmo¬ 
sphere to produce biomass more efficiently and rapidly 
than terrestrial plants; algae require approximately 2 g 
of C0 2 for every g biomass generated [20]. The esti- 
mated productivity lie between 10 and 50 g/m and day, 
the oil content lies between 15% and 50%, so a daily 
overall production of 15-250 kg oil/ha could be calcu¬ 
lated. A dry biomass yield between 73 and 350 t/ha and 
year is estimated, depending on a photosynthetic con¬ 
version efficiency between 2.1% and 10% [21]. 

However, all these data are based on the assumption, 
that the extracted oil mainly consists of triglycerides, 
which easily could be converted into well-established 
biodiesel. However, it has been shown, that the content 
of triglycerides can vary widely, and a series of non¬ 
triglyceride material like hydrocarbons and terpenes 
can be found in the extractable oil mixture. Further¬ 
more, there is a series of technical questions, which have 
to be solved and which make the production of algae for 
fuels today totally uneconomic. The choice of 
microalgae out of thousands of different species, the 
cultivation method like open ponds or photo-bioreac- 
tors, the harvesting, extraction of oil, and further 
processing are some of the challenges that have to be 
faced. Today the cultivation of algae only makes sense as 


integrated approach in a biorefinery, were valuable 
products like co-3 fatty acids or carotenoids are pro¬ 
duced and could be sold as nutraceuticals, proteins 
could be separated and used as animal feed, and the 
remaining biomass could be used for biofuel 
production. 

So all in all microalgae could have a large 
potential for biofuel production in long-term perspec¬ 
tives, however, a lot of research is still necessary and the 
crude oil price must rise significantly in order to make 
the algae cultivation and processing for biofuels 
competitive. 

Biodiesel Production Technologies 

As it can be seen in Fig. 4, the number of publications 
and patents dealing with biodiesel has increased enor¬ 
mously within the last 10 years. Especially the number 
of patents on biodiesel production technology per year 
has reached over 500. A lot of new innovations regard¬ 
ing new types of catalysts, new purification and 
rafination steps, separation techniques, and new feed¬ 
stock have been developed. 

Chemically, biodiesel is equivalent to fatty acid 
methyl esters or ethyl esters, produced out of 
triacylglycerols via transesterification or out of fatty 
acids via esterification. In Fig. 5 the formula scheme 
for the production of fatty acid mono alkyl esters out of 
triacylglycerol is shown. Fatty acid methyl esters today 
are the most commonly used biodiesel species, whereas 
fatty acid ethyl esters (FAEE) so far have been only 
produced in laboratory or pilot scale. 

As vegetable oils or animal fats mainly consist of 
triacylglycerol (triglycerides) the main reaction for the 
production of biodiesel is the transesterification or 
alcoholysis reaction (Fig. 5), whereas esterification is 
only necessary for feedstock with higher content of free 
fatty acids. 

In a transesterification or alcoholysis reaction, 
1 mole of triglyceride reacts with 3 moles of alcohol 
to form 1 mole of glycerol and 3 moles of the respective 
fatty acid alkyl ester. The process is a sequence of three 
reversible reactions, in which the triglyceride molecule 
is converted step by step into diglyceride, monoglycer¬ 
ide, and glycerol. In order to shift the equilibrium to 
the right, methanol is added in an excess over the 
stoichiometric amount in most commercial biodiesel 
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Biodiesel. Figure 4 

Number of scientific publications on "Biodiesel" according to SciFinder, CAS [12] 
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Biodiesel. Figure 5 

Production of fatty acid mono alkyl esters via transesterification 


production plants. A main advantage of methanolysis 
under alkaline catalysis is the fact that the two main 
products, glycerol and fatty acid methyl esters (FAME), 
are hardly miscible and thus form separate phases - an 
upper ester phase and a lower glycerol phase. This 
process removes glycerol from the reaction mixture 
and enables high conversion. Ester yields can even be 
increased - while at the same time minimizing the 
excess amount of methanol - by conducting 
methanolysis in two or three steps. Here, only 


a portion of the total alcohol volume required is 
added in each step, and the glycerol phase produced is 
separated after each process stage. 

Catalysts for Transesterification and 
Esterification Reactions 

Alkaline or basic compounds are by far the most com¬ 
monly used catalysts for biodiesel production. The 
main advantage of this kind of catalysis over acid- 
catalyzed transesterifications is the high conversion 




















































Biodiesel 


35 


rate under mild conditions in comparatively short 
reaction times [22]. However, free fatty acids as 
minor components in unrefined oils, are converted 
into soaps and are separated together with the glycerine 
phase. So the maximum conversion rate depends on 
the quantity of glycerides in the feedstock. For oils with 
higher amounts of free fatty acids, a combination of an 
acidic esterification of free fatty acids and an alkaline 
transesterification lead to a conversion of almost 100% 
of fatty acid material. With oils up to 3% of free fatty 
acid content, the combination of an alkaline transester¬ 
ification and a post-esterification of the fatty acids 
recovered out of the glycerol phase is an optimum 
solution [23]. Also a pre-esterification under acidic 
catalysis prior to an alkaline transesterification leads 
to high conversion rates. Concentrated sulfuric acid can 
be used as cheap catalyst, but this can lead to losses due 
to the formation of side products, so also heterogenous 
catalysts like ion exchange resins can be used [24]. 

As alkaline catalysts for transesterification mostly 
sodium or potassium hydroxide or alcoholates are 
used. In small-or medium-scale biodiesel production 
plants, the use of cheaper alkali hydroxides are pre¬ 
ferred, however, there is the need of special equipment 
for dissolving the solid catalyst in methanol. As these 
homogenous catalysts can only be used once, they 
remain as salts in the glycerol phase. For the production 
of raw or pharmaceutical grade glycerol, the glycerol 
phase has to be neutralized with an acid, and the 
formed alkali salts either remain in the raw glycerol or 
can be filtered off. If sodium hydroxide is used as 
catalysts, these salts are special waste and have to be 
disposed, whereas in the case of potassium hydroxide 
these salts can be reused as fertilizer. For biodiesel 
production in huge industrial size production plants 
with a capacity of 100,000 t/year or more mostly 
refined vegetable oils are used, which at least have to 
be degummed and deacidified. In this case, the use of 
a solution of sodium methoxide in methanol is used as 
catalyst. Sodium methoxide is more expensive than 
hydroxides, but if refined oils are used as feedstock, 
less catalyst can be used and the formation of soaps as 
side products is minimized. 

Whereas traditional homogeneous catalysis offers 
a series of advantages, the major drawback is the fact 
that homogenous catalysts cannot be reused. More¬ 
over, catalyst residues have to be removed from the 


ester product, usually with several washing steps, 
which increases production costs. Thus, there have 
been various attempts at simplifying product purifica¬ 
tion by applying heterogeneous catalysts, which can be 
recovered by filtration or are alternatively used as fixed- 
bed in continuous operation. The most frequently cited 
heterogeneous alkaline catalysts are alkali metal- and 
alkaline earth metal carbonates and oxides [25]. 

The main disadvantage of heterogenous catalysis 
is the need for drastic reaction conditions like high 
temperature and pressure, which leads to higher 
investment costs and to higher operating compared to 
homogenous catalysis. Also higher reaction tempera¬ 
ture facilitates the formation of side products. On the 
other side, most of the heterogeneous catalysts can 
be reused for a specific time and also most of these 
catalysts can be used simultaneously for esterification 
and transesterification [26, 27]. The first technology 
using heterogeneous catalysts like zinc oxides or zinc 
aluminates is used in several commercial biodiesel 
production plants in France and in the USA [28, 29]. 
The so-called Esterfip-H process was developed by the 
Institute Fran^ais du Petrole (IFP) and is designed and 
commercialized by Axens. The main advantages of the 
process are described as the production of high-quality 
glycerol and no need for disposal of salts resulting from 
the catalyst. However, the overall economic advantages 
have to be proved in long-term running. 

Within the last years, the use of enzymes as heter¬ 
ogenous catalysts for the production of biodiesel has 
been described widely in literature [29]. Lipases are 
enzymes that catalyze both the hydrolytic cleavage 
and the synthesis of ester bonds in glycerol esters. 
Their application in FAME production dates back to 
Choo and Ong [30], filing a patent application on 
lipase-catalyzed methanolysis in the presence of water, 
and to Mittelbach, reporting on the first water-free 
process for lipase-catalyzed biodiesel production [31]. 
As compared to other catalyst types, biocatalysts have 
several advantages. They enable conversion under mild 
temperature-, pressure-, and pH-conditions. Neither 
the ester product nor the glycerol phase has to be 
purified from basic catalyst residues or soaps. More¬ 
over, both the transesterification of triglycerides and 
the esterification of free fatty acids occur in one process 
step. As a consequence, also highly acidic fatty mate¬ 
rials, such as palm oil or waste oils, can be used without 
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pretreatment. Furthermore, enzymes could be perfectly 
used for the production of fatty acid ethyl esters using 
azeotropic technical ethanol. Though the use of 
enzymes seems to overcome most of the problems 
related to biodiesel production, the major drawback is 
still the price of enzymes for the production of bulk 
chemicals. Therefore, the enzymatic route for biodiesel 
production today is still too expensive for industrial 
application. 

Basically, transesterification of triglycerides with 
lower alcohols also proceeds in the absence of a catalyst, 
provided reaction temperatures and pressures are high 
enough [32-34]. Above the critical temperature, a gas 
cannot be liquefied. The supercritical conditions show 
liquid as well as gaseous properties, so there have been 
a lot of applications for C0 2 extractions but also for 
carrying out chemical reactions. The advantages of not 
using a catalyst for transesterification are that high- 
purity esters and soap-free glycerol are produced. The 
high excess of methanol, which has to be used during 
supercritical transesterification, seems to make the pro¬ 
cess not economically feasible; however, a two-step 
process has been described, which in the first step 
hydrolyzes the glycerides into fatty acid with an excess 
of water, and in the second step esterification takes 
place, which requires lower amounts of methanol [35]. 

Though non-catalytical hydrolysis of vegetable oils 
today is common practice in industrial application of 
the production of fatty acids, the non-catalytical pro¬ 
duction of fatty acid methyl or ethyl esters has not yet 
been commercialized. The main reasons are the high 
investment costs for the high temperature and pressure 
procedure, and also the possibility of side reactions, 
which lead automatically to lower yields and higher 
purification costs. 

A series of other approaches for biodiesel produc¬ 
tion have been reported including membrane technol¬ 
ogy for separating of methanol and glycerol from 
biodiesel [36], ultrasound-assisted esterification and 
transesterification [37], microwave-induced reactions 
[38], the use of different solvents for faster reaction 
rates [39] as well or the so-called in situ preparation 
of biodiesel directly from oil containing biomass have 
been described [40]. All these technologies seem to be 
very challenging and innovative, however, no practical 
industrial application has been reached so far mainly 
due to the higher investment or running costs 


compared to classical technology. However, all these 
approaches might be interested in the future in order 
to improve the whole life cycle assessment of the pro¬ 
duction of biodiesel in order to meet the high demands 
of international legislations for sustainable production. 

Biodiesel Quality and Specifications 

One prerequisite for marketing an alternative fuel is the 
existence of specifications, which of course are based on 
existing specifications for mineral-based products. Bio¬ 
diesel has been commercially produced since almost 
20 years starting with the first industrial scale produc¬ 
tion plants in Austria and Germany in 1991. As Austria 
was pioneer in biodiesel production and utilization, as 
early as in 1991 the first national specification for 
biodiesel worldwide was established. This standard 
was based on several years of experiments with biodie¬ 
sel prepared from rapeseed oil. Three years later also in 
Germany, national standards were established, 
followed by Italy and France. Because of the rapid 
development of biodiesel utilization in Europe there 
was the need for a harmonized European Specification 
for biodiesel. After several years of intensive negotia¬ 
tions and discussions in CEN committees, the harmo¬ 
nized European specification for biodiesel used as 
100% fuel or as blend component EN 14214 came 
effective in 2004 [41]. In 2001, also the US standardi¬ 
zation body ASTM published the specifications ASTM 
D 6751 for pure biodiesel (B100) and for blending with 
fossil diesel in levels up to 20% by volume [42]. The 
different parameters can be divided into general 
parameters also valid for fossil fuel and biodiesel spe¬ 
cific parameters, which have to be added because of the 
different chemical composition. 

In Table 4, a comparison of general and biodiesel 
specific parameters and limits between the latest ASTM 
D 6751 and EN 14214 versions is given, based on the 
most recent developments. 

As can be seen in Table 3, the different parameters 
and limits between CEN and ASTM standards for bio¬ 
diesel are quite similar, however there are some differ¬ 
ences, which can be seen as barrier for international 
biodiesel market. Especially the limitation for Iodine 
Number in the European Specifications excludes bio¬ 
diesel made from 100% soybean oil. However, it is 
allowed to blend different feedstock to reach the limits. 
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Biodiesel. Table 3 Comparison of parameters and limits in European and US specifications 


Parameter 

Unit 

EN 14214 [2008] 

ASTM D 6751 09-a 

Density 

15°C [kg/m 3 ] 

860-900 

— 

Viscosity 

40°C [mm 2 /s] 

3.5-5 

1.9-6 

Flash point 

[°C] 

>101 

>93 

Sulfur 

[mg/kg] 

<10 

<15 

Sulfated ash 

[% m/m] 

<0.02 

<0.02 

Conradson carbon Residue 

[% m/m] 

<0.30 

(10% distil, residue) 

<0.05 

Cetane number 

— 

>51 

>47 

Water 

[mg/kg] 

<500 

0.05 vol% 

Total contamination 

[mg/kg] 

<24 

— 

Copper corrosion 

— 

Class 1 

— 

Oxidation stability 

[h] 

>6 

>3 

Acid number 

[mg KOH/g] 

<0.50 

<0.50 

Distillation, T90 

[°C] 

— 

<360 

Iodine number 

[g Iodine/100 g] 

<120 

— 

Linolenic acid 

[% m/m] 

<12 

— 

Polyunsaturated fatty acids (>4 double bonds) 

[% m/m] 

<1 

— 

Methanol 

[% m/m] 

<0.20 

<0.20 

Monoglycerides 

[% m/m] 

<0.80 

— 

Diglycerides 

[% m/m] 

<0.20 

— 

Triglycerides 

[% m/m] 

<0.20 

— 

Free glycerol 

[% m/m] 

<0.02 

<0.020 

Total glycerol 

[% m/m] 

<0.25 

<0.250 

Sum of Na, K 

[mg/kg] 

<5 

<5 

Sum of Ca, Mg 

[mg/kg] 

<5 

— 

Phosphorus 

[mg/kg] 

<4 

<10 


Also there are some stricter European regulations for 
the oxidation stability and also for the limits of phos¬ 
phorus as well as for calcium and magnesium. 

The European as well as the US specifications have 
been the basis for a series of similar specifications in 
many countries around the world, so all in all there 
are quite similar regulations worldwide. However, 
these limits for different parameters are only techni¬ 
cally based, in order to reach a sustainable biodiesel 


production. A lot of additional regulations have been 
discussed worldwide and are outlined within the next 
chapter. 

Environmental Issues of Biodiesel 

Engine Emissions 

The diesel engine, also called compression ignition 
engine (Cl), was patented by Rudolf Diesel in 1892. 
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Biodiesel. Table 4 Relative emissions from rapeseed oil biodiesel compared to fossil diesel (without catalytical converter) 
(From Mittelbach and Remschmidt, Biodiesel, the comprehensive handbook) 


Reference 

CO 

HC 

NO x 

PM 

Mittelbach et al. [49] 

-4% 

-20% 

+28% 

-23% 

Vellguth [50] 

-8% 

-20% 

+7% 

Soot number: 

-45% 

Apfelbeck and Gessner [51] 

-10% 

-36% 

+4% 

-31% 

Scharmer et al. [52] 

±0% 

-20 to -40% 

— 

Up to 40% lower 

Krahl, Prieger et al. [53] 

±0% 

-10 to -20% 

+10% 

Up to 40% lower 

Sharp [54] 

-39% 

-70% 

+3% 

-25% 

May et al. [55] 

-10% 

-20% 

+10% 

-50% 

Goerke [56] 

-41% 

-49% 

+12% 

-41% 

Sams [57] 

-16% 

-33% 

+4% 

+11% 

Krahl, Munack et al. [58] 

-37% 

-22% 

+10% 

-10% 

—39% a 

-20% 

+28% 

+60% 

Makareviciene and Janulis [59] 

-6% 

-74% 

+10% 

Smoke density: 

-68% 


Unlike the spark-ignited gasoline engine, Diesels inven¬ 
tion works on self-ignition. Diesel engines offer a series 
of advantages over their gasoline-fueled counterparts. 
So they operate at higher compression ratios than 
Otto engines, which improve energy efficiency. 
Moreover, the fuel-to-air ratio varies with engine load 
and therefore with the quantity of fuel injected, resulting 
in lean fuel-air mixtures. This has positive effects on 
carbon monoxide (CO) and hydrocarbon (HC) emis¬ 
sions. Drawbacks of the diesel technology include a 
tendency for increased nitrogen oxide (NOJ and 
particulate matter (PM) emissions. Moreover, diesel 
engines tend to be heavier than comparable gasoline 
engines. 

With direct (DI) and indirect (IDI) injection 
engines, two types of combustion systems have been 
developed. In the first fuel is injected directly into the 
combustion chamber, whereas in the latter fuel is 
injected into a pre-chamber, from which partially oxi¬ 
dized gases and evaporated fuel are introduced into the 
main combustion chamber. Although characterized by 
a comparatively harsh combustion noise, DI engines are 
now commonly used for passenger cars due to their low 
fuel consumption [43, 44]. This is done at the expense 
of slightly increased NO x emissions for DI engines [45] . 


However, modern, electronically controlled injection 
systems, such as the “common-rail-system” enable 
a compromise between conflicting interests [46] . 

The major part of combustion engine exhaust 
streams consists of the nontoxic components nitrogen, 
carbon dioxide, and water. However, about 1.4% of 
gasoline engine exhaust and 0.2% of diesel engine 
exhaust are composed of more or less harmful sub¬ 
stances. The maximum amounts of certain pollutants 
in exhaust gases are regulated by national authorities in 
various countries throughout the world. In the Euro¬ 
pean Union and the USA, these limited emissions are: 

• Carbon monoxide, CO 

• Hydrocarbons HC, resulting from unburnt or par¬ 
tially burnt fuel and lubricating oil compounds. 
Hydrocarbons are either regulated as total hydro¬ 
carbon emissions (THC) or as non-methane 
hydrocarbons (NMHC). 

• Nitrogen oxides NO x , including NO, which is 
produced in the engine, and N0 2 , which results 
from NO through oxidation within the exhaust 
stream or later in the atmosphere. Other oxides, 
such as N 2 0, which may also be present in the 
exhaust gas, are not regulated. Sometimes one 
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combined limit for HC and NO x is used instead of 

two separate limits. 

• Particulate matter, which is only regulated for diesel 

engines. 

Carbon dioxide emissions today are not limited, 
but due to European regulations the overall average 
C0 2 emissions of a fleet from a car manufacturer 
should not exceed 130 g/km, starting from 2012 [47]. 

An enormous amount of data on measurements of 
legally limited exhaust components all over the world is 
available. In comparing these results, however, some 
points have to be kept in mind. First, exhaust emissions 
differ widely according to engine types, test cycles, and 
fuel grades used, so that a comparison of absolute 
pollutant concentrations derived from different 
sources hardly makes sense. Instead only relative emis¬ 
sion changes between biodiesel from rapeseed oil and 
fossil diesel fuels are listed in Table 4. Second, emission 
values are greatly influenced by the application of an 
exhaust gas after treatment system. To demonstrate the 
effects of the fuels, only data without oxidation catalytic 
converters are listed. As it can be seen, literature data 
indicate an overall slight reduction of CO and a signifi¬ 
cant reduction of HC and particulate matter emissions, 
whereas NO x emissions are slightly increased. The rea¬ 
son for the increase of NO x emissions with biodiesel or 
biodiesel blends is not yet fully understood. Especially 
in newer types of heavy-duty engines, the increase of 
NO x emissions is rather low. An assessment of North 
American heavy-duty engine emission test results for 
biodiesel from 49 experimental studies, including both 
engine dynamometer and vehicle test results, shows that 
the use of a common biodiesel blend (B20) consistently 
reduces emissions of particulate matter, hydrocarbons, 
and carbon monoxide by 10-20%. Especially for newer 
types of engines, there is no statistical evidence that the 
average NO x emissions increase [48]. 

All these differences, however, will become irrele¬ 
vant because of the future legislation for mandatory 
installation of efficient after treatment systems includ¬ 
ing particulate filters and SCR (selective catalytic 
reduction) technology. 

Sustainability of Biodiesel 

In the very first beginning of biodiesel development 
and utilization, no broad discussion has been taken 


place on the issue, that agricultural products are used 
for fuel production. Especially because of rising oil 
prices and overproduction of agricultural products in 
Europe, biodiesel produced out of vegetable oils was 
a well-accepted alternative supported by some govern¬ 
ments. There have been plans that biodiesel should 
mainly be used for agricultural production, ensuring 
the food supply in times of crisis. Furthermore, biodie¬ 
sel production should bring a secure and continuous 
income for farmers, leading to a higher job rate in rural 
areas. However, biodiesel production was more and 
more industrialized, and a huge number of industrial 
biodiesel plants have been installed within the last 
10 years around the world. The main driver was the 
need for the reduction of the green house gas emissions 
in the transport sector, leading to a number of incen¬ 
tives and mandates especially in Europe for the use of 
biofuels. The European Directive on the promotion of 
the use of biofuels or other renewable fuels for 
transport from 2003, mandating a share of biofuels 
in the transport sector of 5.75% until 2010 [60], 
led to an enormous boom of biodiesel production 
installations. Since 2008, however, when there has 
been the enormous rise in crude oil and food prices as 
well as in all other commodities, the fuel versus food 
discussion became fully effective. The consequence of 
this debate was the development of sustainability 
criteria and the assessment of the full life cycle analysis 
for all different biofuels. A lot of these sustainability 
criteria were included in the new European directive 
on the promotion of the use of energy from 
renewable sources from 2008, mandating a 10% share 
of biofuels in all countries of the European Union until 
2020 [61]. 

Basically, biodiesel as renewable biofuel is consid¬ 
ered as environmentally friendly because of saving C0 2 
emissions by absorbing C0 2 during the growth of 
biomass [62]. However, by considering the whole life 
cycle of biofuels or biodiesel from production of the 
biomass until the final end use as fuel there are not 
necessarily environmental advantages. All the energy 
used for the whole supply chain including cultivation, 
the use of fertilizers and pesticides, harvesting, 
processing, and transport has to be considered 
(Fig. 6). Also the side effects of cultivation, above all 
the use of fertilizers producing the highly active green 
house gas nitrous oxide N 2 0 (300 times more effective 
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Biodiesel. Figure 6 

Biodiesel supply chain (from well to wheel) [62] 


than C0 2 ) have to be included. Furthermore, aspects of 
the use of ecological sensitive areas, as well as effects of 
direct and indirect land use change, have to be taken 
into consideration. Direct land use change (DLUC) 
concerns the case where production of energy crops 
for biofuels production leads to the conversion of land 
actually storing carbon-like grassland into cultivated 
land. This could lead to an overestimation of reduction 
of green house gases or in the case of degraded soil it 
could improve the soil carbon balance. Indirect land 
use change (ILUC) relates to the unintended conse¬ 
quence of releasing more carbon emissions due to 
land use changes around the world induced by the 
expansion of croplands for biofuel production. How¬ 
ever, in most LCA studies ILUC is not considered, 
because more research is needed for harmonizing and 
improving the methodology. 

Although there is a tool for the evaluation of the life 
cycle assessment existing in form of an ISO standard 
[63] , it has been applied in literature in a variety of ways 
and thus often leads to diverging results. LCA is often 
limited to energy balance or to green house gas saving 
balance. Several LCA studies have been carried out 
under various frameworks, scopes, and consistency, 
making it difficult to compare the results [64]. One of 
the most important elements is to define the system 
boundaries, all individual processes of the complete life 


cycle have to be considered, and also all coproducts 
have to be taken into consideration, especially glycerol 
and protein as oil cake. In the so-called allocation 
procedure, the environmental implications of 
a product and its coproducts are split, whereas in the 
substitution procedure the desired product gets 
a credit, which corresponds to the environmental 
implications of an equivalent product [65]. The issue 
of allocation is one of the weaknesses of biofuels LCA. 

A much simpler approach is the calculation of 
the energy balance, which means the ratio between 
the energy of biofuel produced in the engine and the 
total energy needed for the total production of the 
biofuel without considering the solar energy for 
the growing of the biomass. For the main feedstock 
rapeseed oil and soybean oil in all published data 
there is a positive energy balance, which means the 
total energy input is lower than the output. The 
corresponding factors for rapeseed oil lie between 1:2 
and 1:3 (input:output) and for soybean oil between 
1:3.2 and 1:3.5 (from Biodiesel - The Comprehensive 
Handbook). For palm biodiesel a ratio of 1:2.27-1:3.58 
has been reported [66, 67]. 

In Fig. 7, the relative reduction of green house gas 
emissions of different biofuels compared to a gasoline- 
fueled car is outlined. It can be easily seen that the 
reduction varies enormously with the type of feedstock 
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Biodiesel. Figure 7 

Reduction of GHG emissions from different biofuels in relation to fossil gasoline-fueled passenger car [68] Ice internal 
combustion engine, hyb hybrid 


and fuel. Overall a reduction of GHG emissions can be 
seen, the best values are obtained for biodiesel from 
sunflower oil and BtL Fischer-Tropsch diesel from 
wood chips. Bioethanol from corn and sugar beet 
does not show high reduction, however, bioethanol 
from sugar cane, which is not included in the figure, 
has the best values. Also biodiesel from palm oil or used 
frying oil or animal fat is not outlined but has a very 
good GHG saving potential. 

According to the European Directive on the pro¬ 
motion of the use of energy from renewable sources 
[61] biofuels should reach at least 35% GHG reduction 
compared to fossil fuel. With effect from January 1, 

2017, the greenhouse gas emission saving from the use 
of biofuels shall be at least 50% and from January 1, 

2018, that greenhouse gas emission saving shall be at 
least 60% for biofuels produced in installations in 
which production started on or after January 1, 2017. 
It has to be mentioned that the data from the European 
Directive are based on the energy allocation method, 
whereas the figures presented in Fig. 7 are calculated 
according to the substitution method, which come 
closer to a real life cycle assessment. 


Biofuels according to the new European Directive 
shall not be made from raw material obtained from 
land with high biodiversity value, like primary forest 
and other wooded land, namely forest and other 
wooded land of native species, highly biodiverse grass¬ 
land, wetlands, and continuously forested areas. 

Regarding the minimum values for GHG savings 
within the directive, there are typical and default 
values for the different biofuels produced from dif¬ 
ferent sources. The default values could be used, if 
there are no own calculations for a specific type of 
biofuel, the typical values are mean values from liter¬ 
ature data, which are always slightly higher. In Table 5, 
it can be seen that biodiesel from soybean oil would 
not meet the minimum value of 35%, so in that case 
it has to proved case by case by individual calcula¬ 
tion, that the real value are over 35%. The minimum 
value has to be reached by each feedstock, so blend¬ 
ing to reach the limit is not allowed. As the minimum 
value will be increased up to 50% in 2017 and up to 
60% in 2018 only biodiesel from waste cooking oil or 
animal fat will be above the limit. This would be 
a high risk for biodiesel from vegetable oils, if there 
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Biodiesel. Table 5 Typical and default values for reduc¬ 
tion of GHG according to the European directive 2009/28/ 
EC [61] 


Biodiesel type 

Typical 

value 

Default 

value 

Biodiesel rapeseed oil 

45% 

38% 

Biodiesel sunflower 

58% 

51% 

Biodiesel soybean 

40% 

31% 

Biodiesel palm (process not 
specified) 

36% 

19% 

Biodiesel palm (process with 
methane capture at oil mill) 

62% 

56% 

Biodiesel waste oil/animal fat 

88% 

83% 


would not be any significant improvement of the 
whole life cycle assessment. However, within the 
next years there will be need for further adjustments 
and adaptations in order to guarantee sustainable 
biofuel production. 

Future Directions 

Within the next decades, there will be a constant 
rising demand for biofuels due to lack of alternatives 
in the transport sector and the need for lowering 
the emissions of green house gases. Due to national 
and international legislation especially so-called sec¬ 
ond-generation biofuels will be favorized, which are 
produced from nonfood biomass like lignocellulosic 
material. For heavy-duty vehicles mainly used for 
transporting goods diesel fuel is the main energy source. 
One possibility to produce second-generation biodiesel 
is gasification of biomass and further synthesis via 
Fischer-Tropsch reaction (biomass to liquid, BtL). This 
technology however is not yet commercialized industri¬ 
ally because of complicated and expensive installations. 
So fatty acid methyl or ethyl esters produced out of fatty 
acid material will be still the dominant biofuel in the 
diesel sector in mid-term perspective. However, the kind 
of feedstock will be more and more focused on nonfood 
crops like oil from /. curcas or microalgae. Also the use 
of waste material like used cooking oil or animal fats 
will become more interesting. The traditional sources 
for production of biodiesel like rapeseed oil, soybean 
oil, and palm oil will still be dominant, but it is also 


clear that this kind of feedstock could never substitute 
a significant amount of total demand of transport fuel. 
Theoretically microalgae, which could be grown on 
nonagricultural areas, could be produced in such 
amounts to substitute the total demand of fuels; how¬ 
ever, a lot of research still has to be carried out in order 
to lower the total costs of cultivation and processing. 
Also all the different feedstock have to be evaluated and 
compared with life cycle assessments and the social 
impact of production and processing has to be consid¬ 
ered carefully. So all in all biofuels will play an impor¬ 
tant role as alternative fuels in the transport sector as 
long as transport is based on combustion engines. 
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Glossary 

Bioethanol Ethanol produced by fermentation of 
sugars from plant materials, for example, sugar, 
starch, or cellulose. 

Enzymatic hydrolysis A reaction where enzymes are 
used to catalyze splitting of molecules to smaller 
units by addition of water. Here, enzymatic hydro¬ 
lysis refers to splitting of cellulose to glucose. 

Ethanol fermentation The use of microorganism, in 
most cases yeast, for conversion of sugars to 
ethanol. 

Flow-sheet design The use of computer programs for 
design and/or rating of complex production facili¬ 
ties, usually based on a conceptual drawing (flow 
sheet) of the process. 

Lignocellulosic material A common name for plant 
biomass containing cellulose, hemicellulose, and 
lignin (e.g., hardwood, softwood, straw, bagasse). 

Pentose fermentation Fermentation of sugars 
containing five carbon atoms, like xylose and arab- 
inose, which are the main constituents in the hemi¬ 
cellulose fraction in agricultural residues and 
hardwoods. 

Pretreatment Lignocellulosic material is by nature 
very recalcitrant to degradation. By pretreating the 
material, the structure is made more accessible for 
degradation by enzymes or microorganisms. 


Process integration To design the unit operations 
involved in a process while considering the interac¬ 
tion between the units and to combine them in an 
optimal way. For instance, efficient use of heat and 
power is made possible by utilization of, for exam¬ 
ple, waste heat internally (in the plant), or exter¬ 
nally (in a nearby plant), which can diminish 
requirement for expensive equipment, such as 
steam boilers. 

Second-generation bioethanol Ethanol produced - in 
a sustainable way - from lignocellulosic materials 
(e.g., forest or agricultural materials). 

Definition of the Subject 

Bioethanol can be produced by fermentation of sugar 
present in the carbohydrate fractions (i.e., hemicellu- 
loses and cellulose) available in all lignocellulosic mate¬ 
rials. These could be agricultural residues (e.g., wheat 
straw, corn stover, sugarcane bagasse), forest residues 
(e.g., branches, tops, saw dust, thinning material), and 
energy crops (e.g., salix, hemp, Miscanthus, 
switchgrass). 

To make ethanol from cellulosic materials is very 
similar to making ethanol from starch. First, the car¬ 
bohydrates, hemicelluloses and cellulose, have to be 
hydrolyzed to monomer sugars and after that 
fermented to ethanol by a microorganism (e.g., 
yeast). There are, however, two major differences com¬ 
pared with starch ethanol: 

• The structure of the lignocellulosic material is more 
difficult to break down due to stronger bonds 
between the sugar molecules in cellulose and the 
interaction between cellulose, hemicellulose, and 
lignin. 

• While starch and cellulose are made up entirely of 
glucose, hemicelluloses comprise a variety of sugars, 
both pentoses (i.e., sugars with five carbons) and 
hexoses, which makes it difficult to find a single 
microorganism that can ferment all of these sugars. 

This makes production of bioethanol from ligno¬ 
cellulosic materials much more complex than starch- 
based ethanol production. A third factor that differs is 
the presence of lignin, which protects the carbohy¬ 
drates from degradation and makes enzymatic 
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hydrolysis of the carbohydrates more difficult. How¬ 
ever, having a lignin coproduct is also a possibility to 
improve the process economy as it can either be used as 
a valuable coproduct for chemical production or used 
for heat and power production as it has a higher 
heating value than the original biomass. 

Introduction 

Ethanol is currently the dominating renewable biofuel 
within the transport sector. It has been introduced on 
a large scale in Brazil, the USA, and some European 
countries and the production is expected to continue 
increasing during the years to come. The global 
production of ethanol in 2009 reached 73.9 billion 
liters [1]. Ethanol can easily be integrated in the 
existing land transportation infrastructure as a blend 
with gasoline, up to 20% ethanol, or as a neat alcohol in 
dedicated engines, taking advantage of the higher 
octane number and higher heat of vaporization. It is 
also an excellent fuel for future advanced flexi-fuel 
hybrid vehicles. 

Ethanol can be produced through fermentation 
from a variety of sugar-containing crops such as 
sugar beet, sugarcane, sweet sorghum, and fruits; 
starch-containing crops such as corn, wheat, and pota¬ 
toes; and so-called lignocellulosic material such as agri¬ 
cultural wastes, wood, and municipal waste. Ethanol 
produced in this way is sometimes referred to as 
bioethanol. 

The production of ethanol from sugar and starch is 
a well-established technology, which has been used for 
many years mainly for production of alcoholic bever¬ 
ages, but also for fuel ethanol in the last few decades. 
Currently, ethanol for the fuel market is produced from 
cane sugar (Brazil) or corn starch (USA) at more or less 
competitive prices. However, this raw material base, 
which also has to be used for human needs and animal 
feed, will not be sufficient to meet the increasing 
demand for fuel ethanol, and the reduction of green¬ 
house gases resulting from use of sugar or starch-based 
ethanol is not as high as desirable [2]. 

It is, therefore, a general opinion that future expan¬ 
sion has to be based on bioethanol from lignocellulosic 
material, which is usually called second-generation 
bioethanol (2G). These raw materials are sufficiently 
abundant and also available worldwide. They generate 


very low net greenhouse gas emissions and thus helping 
to reduce environmental impacts. However, processes 
for the production of ethanol from lignocellulosic 
materials are much more complex and not yet fully 
developed although several pilot plants and some 
demo plants have been in operation during the last 
couple of years. The main by-product of the processes 
is a solid residue consisting mainly of lignin, which can 
be used as a fuel, where the market is basically unlim¬ 
ited, or to make products of higher value in order to 
improve the process economy. 

A process for bioethanol from lignocellulosic mate¬ 
rial consists of the following main steps: Hydrolysis of 
the carbohydrates (i.e., cellulose and hemicelluloses), 
fermentation of all sugars to ethanol, separation and 
upgrading of the ethanol to water-free ethanol, waste- 
water treatment, and combustion of the solid residue 
for production of steam and electricity required for the 
process (Fig. 1). The various process steps can be 
performed in many different ways and also the overall 
process configuration can vary. Furthermore, the etha¬ 
nol process can be integrated with other types of indus¬ 
trial processes. A selection of important possibilities is 
described below. 

Within the explanations given below, the principles 
for ethanol production from cellulosic materials, recent 
developments in the bioconversion processes, and 
future challenges are outlined. First, characteristics of 
biomass in general are presented together with typical 
material compositions for various lignocellulosic feed¬ 
stock, followed by a summary of different process 
options for hydrolysis of biomass. This chapter focuses 
on one option - the enzymatic route - which is covered 
in more detail with some important methods for 
pretreatment of biomass. In a process, hydrolysis is 
followed by fermentation of sugars, which is an area 
with intense research. Full-scale plants are considered 
next and the necessity of process intensification and 
process integration are discussed in depth with 
a number of examples. 

Basics 

The composition of lignocellulosic materials differs 
from one species to another. However, the main 
constituents are of the same type: about 50-60% car¬ 
bohydrates in the form of cellulose and hemicellulose, 
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Biomass 


Ethanol 



Bioethanol from Celluloses. Figure 1 

Simplified process for production of ethanol from lignocellulosic materials 



Bioethanol from Celluloses. Figure 2 

Cellulose chain 


20-35% lignin, and some other valuable components 

like extractives, fatty acids, and ash. 

• Cellulose is the major component in the cell wall of 
plant cells consisting of linear chains of linked glu¬ 
cose units and it is the most abundant macromol¬ 
ecule on earth. The degree of polymerization (i.e., 
the number of glucose units) vary between 2,000 
and 20,000. Every glucose unit is rotated 180° with 
respect to its neighbors and linked by (3-1,4 glyco- 
sidic linkages, making the repeating unit the disac¬ 
charide cellobiose (Fig. 2). The linear chains 
associate strongly via intra- and interchain 
hydrogen bonding, which causes aggregation into 
so-called microfibrils with a largely crystalline 
structure combined with some amorphous regions. 
These microfibrils are highly stable and resistant to 
chemical attack, which makes cellulose insoluble in 


most common solvents, including water, and also 
very resistant to (enzymatic) hydrolysis. 

• Hemicellulose consists of short, highly branched 
chains of heterogeneous polysaccharide sugars, 
comprising both five-carbon sugars, called pentoses 
(usually D-xylose and L-arabinose) and six-carbon 
sugars, called hexoses (D-galactose, D-glucose, and 
D-mannose) [3]. The branches also contain other 
groups (e.g., acetyl groups and glucoronic acid). 
The degree of polymerization is much lower than 
for cellulose, around 200. Hemicellulose is more 
hydrophilic and easier to hydrolyze than cellulose. 
The main carbohydrate in hemicelluloses from agri¬ 
cultural crops and hardwoods is xylose, while man¬ 
nose is dominating in softwood (Fig. 3). 

• Lignin is the major non-carbohydrate component 
in lignocellulosic materials comprising a highly 
complex, three-dimensional polyphenolic 
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Bioethanol from Celluloses. Figure 3 

Example of hemicellulose chains, (a): o-acetyl-galactoglucomannan; (b): arabino-4-o-methylglucoronoxylan 


compound. It is closely attached to the cellulose and 
the hemicellulose and is responsible for the remark¬ 
able strength of plants, especially trees. The primary 
building units of softwood lignin are mainly 
guaiacyl, with minor amounts of syringyl and 
p-hydroxy-phenylpropane units, while hardwood 
contains more syringyl units (Fig. 4). 


Cellulose can be hydrolyzed to glucose according to 
the following chemical formula: 


[C 6 Hi 0 O 5 ] n + n • H 2 O —> n • C 6 H 12 O 


that is, theoretically 1 kg of cellulose results in 1.111 kg 
of glucose. 

This is also valid for hydrolysis of the 
anhydrosugars in the hexose fraction in hemicelluloses, 
while the hydrolysis of the pentose fraction would be: 


[C 5 H 8 0 4 ] n + n • H 2 O —> n • C 5 H 10 O 5 


that is, theoretically 1 kg of xylan (or arabinan) may 
yield 1.136 kg of xylose (or arabinose). 

The sugars can then be fermented to ethanol using 
some microorganism, like yeast or bacteria, which 
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The guaiacyl {left), syringyl {middle), and p-hydroxyphenyl 
{right) units in softwood lignin 


theoretically can result in 0.51 kg of ethanol and 0.49 
kg of C0 2 from 1 kg of sugar (either hexose or pentose) 
according to: 

C6H12O6 —» 2C2H5OH + 2CO2 

3C5H10O5 —> 5C2H5OH T 5CO2 

Table 1 shows typical compositions of some selected 
lignocellulosic materials. The composition may differ 
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depending on where the biomass grows and at what 
time of the year it is harvested. For three of the mate¬ 
rials, the standard deviation is given based on at least 
five different samples to show the extent of variations. 
The hemicellulose in agricultural crops and hardwood is 
primarily composed of pentose sugars, while softwood 
hemicellulose has a large fraction of the hexose mannan. 
This is reflected in the amount of ethanol that can theo¬ 
retically be produced from 11 of dry matter for the various 
biomasses according to the formulas given above (Table 1 ). 
It is quite clear that pentose fermentation is not so 
important for efficient utilization of softwood while it 
may constitute up to 40% of the potential ethanol 
production from agricultural crops like corn stover 
and wheat straw or from grass like switchgrass. 

For spruce up to 50% of the energy can theoretically 
be obtained in the ethanol (if all the sugars are 
converted to ethanol) and another 35% is obtained in 
the coproduct lignin. In a real process, less than this 
theoretical yield will be obtained because of losses in 
the conversion and due to the needs for energy, heat, 
and power in the process. 

In a longer perspective, lignin may be used for 
production of chemicals. Lignin is a very complex 
molecule, which contains numerous aromatic com¬ 
pounds of which some have interesting properties. In 
contrast to the coproduct from starch-based ethanol 
production (DDGS, which is used as animal feed), 
there is no real limitation for the use of the lignin- 


rich residue as a fuel. About the same ethanol yield 
could be expected from different crops, although agri¬ 
cultural residues in general contain less lignin; thus, the 
energy contribution from the lignin part will be lower. 

Besides the carbohydrates and lignin, most ligno- 
cellulosic materials also contain other compounds like 
extractives and ash. The agricultural crops may also 
contain some residual fractions of starch, proteins, 
and pectin. The amounts of these compounds vary 
a lot between different types of lignocellulosic materials 
and are also affected by the geographical site of culti¬ 
vation, the soil, and the season. These compounds are 
usually not discussed very much in research on ethanol 
production but must of course be considered in full- 
scale processes. They may both be an asset, in terms of 
coproduct value, and a problem due to influence on the 
biological conversion steps. 

Process Options 

There are several options for a lignocellulose-to- 
ethanol process but, regardless of which is chosen, the 
following challenges must be addressed [12]: 

1 . Efficient depolymerization of cellulose and hemi¬ 
cellulose to soluble sugars. 

2. Efficient fermentation of a mixed-sugar hydrolysate 
containing six-carbon (hexoses) and five-carbon 
(pentoses) sugars as well as fermentation inhibitory 
compounds. 


Bioethanol from Celluloses. Table 1 Composition of various lignocellulosic materials in percentage dry basis (values in 
brackets are standard deviations from several studies) 



Glucan 

Mannan 

Galactan 

Xylan 

Arabinan 

Lignin 

Ethanol C6 

Ethanol C5 

Reference 

Pine 

43.6 

10.8 

2.2 

6.6 

1.6 

26.8 

411 

28 

[4] 

Spruce 

48.7 ± 2.60 

12.6 ±0.55 

2.4 ± 0.76 

6 ±2.7 7 

1.5 ± 0.53 

28 ± 0.47 

463 

29 

[5] 

Aspen 

50 

2 

1.5 

18 

4 

18 

389 

164 

[6] 

Poplar [1] 

43.8 

3.9 

1 

14.9 

0.6 

29.1 

354 

115 

[7] 

Poplar [2] 

45.1 

1.7 

1.5 

17.8 

0.5 

21.4 

351 

136 

[7] 

Willow 

43 

3.2 

2 

14.9 

1.2 

26.6 

350 

120 

[8] 

Corn stover 

37.5 dt 2.2 

0.6 ± 7.7 

1.6 ± 7 

21.7 ±2.7 

2.7 ± 7.6 

18.9 ±2.6 

288 

181 

[9] 

Sugarcane 

bagasse 

40.2 

0.5 

1.4 

22.5 

2 

25.2 

306 

182 

[10] 

Wheat straw 

32.6 

0 

0.8 

20.1 

3.3 

26.5 

243 

174 

[11] 

Switchgrass 

34.2 dt 2.7 

0.3 ±0 

1.4 ± 0.5 

22.8 ± 7 

3.1 ± 0.5 

19.1 ± 7.7 

261 

192 

[9] 
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3. Advanced process integration to minimize process 
energy demand. 

4. Integration with external processes for cost- 
efficient use of lignin and residual organic matter. 

The first step in the conversion of biomass to eth¬ 
anol is size reduction and hydrolysis of the carbohy¬ 
drates. This can in principle be performed in three ways 
(Fig. 5): 

(a) By use of concentrated acid hydrolysis 

(b) By dilute-acid hydrolysis 

(c) By enzymatic hydrolysis 

Either way, the target is to access the cellulose and 
hemicellulose to generate individual sugar monomers 
for the fermentation process. In the following section, 
a summary of various methods is presented. 

Concentrated Acid Hydrolysis 

Concentrated acids (e.g., sulfuric, hydrochloric, 
hydrofluoric, and nitric acid) can be used to dissolve 


native cellulose at rather low temperatures. If the mix¬ 
ture is diluted with water and heated, the cellulose is 
hydrolyzed to monomer sugar. This has been known 
since the 1880s [13] and has been used in several full- 
scale processes during the twentieth century. For exam¬ 
ple, in Germany, several full-scale plants for hydrolysis 
of wood using concentrated hydrochloric acid (40% 
HC1) were operated during World War II. Several 
plants based on concentrated sulfuric acid were com¬ 
mercialized in the middle of the twentieth century in 
the former Soviet Union and in Japan [14]. However, 
these processes have only been run under times of 
national crisis and the products (e.g., chemicals, fuel, 
and feed) were not competitive on international 
markets. 

The process results in rather high yields, but the 
large amount of acid used creates several problems such 
as corrosion and pollution. Furthermore, the dilution 
of the acid in the second hydrolysis step requires high 
amounts of energy for acid recovery. Nevertheless, the 
process using concentrated sulfuric acid has gained 


Biomass 
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Different routes for hydrolysis of lignocellulosic materials 
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renewed interest due to the inventions of new methods 
to separate the acid from the sugar solution, based on 
ion exchange. 

Dilute-Acid Hydrolysis 

Dilute-acid hydrolysis of biomass is the oldest technol¬ 
ogy for conversion of cellulosic materials into sugars. 
The first commercial plant for production of ethanol 
from wood based on acid hydrolysis of sawdust, and 
using diluted sulfuric acid, was built already at the end 
of the nineteenth century. Since then, several plants 
have been operated in the USA, Japan, Germany, and 
the former Soviet Union [15]. There are still some 
plants operating in Russia. Most of the old plants 
were run with one-stage hydrolysis using some kind 
of percolation, where liquid is flushed through the 
reactor to remove the sugars formed. The main draw¬ 
back was a moderate yield of sugars and also very dilute 
sugar solutions, which required a considerable input of 
energy in the distillation step for recovery of ethanol. 

After 1973, several research programs were started 
around the world to improve the yield and increase the 
sugar concentration of this process. In the first step, 
hemicellulose is hydrolyzed under milder conditions 
(170-190°C), while in the second step the cellulose 
is hydrolyzed under more severe conditions (200- 
230° C). However, the high temperatures required for 
hydrolysis of the cellulose also result in sugar decom¬ 
position, which not only decreases the yield but also 
produces compounds that inhibit the microorganisms 
in the fermentation step. Also for a two-step acid 
hydrolysis, the overall sugar yield is usually lower 
than 60% [16]. 

Enzymatic Hydrolysis 

One of the most promising process alternatives for 
production of sugar for fermentation from woody 
materials is the enzymatic process [17-19] because of 
its potential for high yields. Figure 5 provides a sche¬ 
matic view of the process. The enzymatic hydrolysis 
process comprises the following main steps: 
pretreatment of biomass, enzymatic hydrolysis, includ¬ 
ing enzyme production, fermentation of all sugars, 
ethanol upgrading, wastewater treatment, and heat 
and power production. 


However, the hydrolysis of lignocellulose using 
enzymes can be hampered by the very low reaction 
rate. Lignocellulosic materials are by nature very recal¬ 
citrant and not very many microorganisms can degrade 
them in a fast and efficient way. The main reason is the 
requirement of a whole array of enzymes, each having 
more or less specific activity on a certain type of poly¬ 
meric fragment, such as cellulases, xylanases, 
mannanases, and lignases. 

It is, therefore, of vital importance to pretreat the 
material to alleviate the enzymatic attack on the struc¬ 
ture. The complexity and interconnectivity of the poly¬ 
mers constituting lignocellulose materials makes it 
necessary to open up and/or partially hydrolyze the 
structure (Fig. 6). After pretreatment and enzymatic 
hydrolysis, the process steps are very similar to what is 
used in concentrated or dilute-acid hydrolysis pro¬ 
cesses (Fig. 5). 

Enzymatic Hydrolysis Route 

In general, enzymatic hydrolysis can be considered as 
more favorable to use than acid hydrolysis because of 
the milder conditions and higher potential yields of 
sugars. It does, however, require the pretreatment 
step, which can constitute a substantial fraction of the 
overall cost. Therefore, the enzymatic hydrolysis route 
is discussed below in more detail; however, the parts 
after pretreatment and enzymatic hydrolysis are to 
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Schematic view of the effect of pretreatment 











































52 


Bioethanol from Celluloses 


a large extent valid also for the other two process 
alternatives (i.e., concentrated and dilute-acid 
hydrolysis). 

The pretreatment step is perhaps the single most 
crucial step as it has a large impact on all the other steps 
in the process (e.g., enzymatic hydrolysis, fermenta¬ 
tion, downstream processing, and wastewater handling 
in terms of digestibility of the cellulose, fermentation 
toxicity, stirring power, energy demand in the down¬ 
stream processes, and wastewater treatment demands). 

Pretreatment Methods 

Pretreatment, to be effective, should have a number of 
features [20]. It has to: 

• Result in high recovery of all carbohydrates. 

• Result in high digestibility of the cellulose in the 
subsequent enzymatic hydrolysis. 

• Produce no or very limited amounts of sugar and 
lignin-degradation products [21]. The 
pretreatment liquid should be possible to ferment 
without detoxification. 

• Result in high solids concentration as well as high 
concentration of liberated sugars in the liquid 
fraction. 

• Require a low energy demand or be performed in 
a way so that the energy can be reused in other 
process steps as secondary heat. 

• Require low capital and operational cost. 

During the last 2 decades, a number of alternatives 
have been proposed for pretreatment of various sub¬ 
strates. This can be achieved in various ways, using 
either physical (e.g., milling, grinding, or irradiation), 
or chemical (e.g., alkali, dilute acid, oxidizing agents, or 
organic solvents) methods, or (something in between) 
physicochemical (e.g., steam pretreatment/ 
autohydrolysis, hydro thermolysis, or wet-oxidation) 
methods. This classification is rather vague since in 
some cases it is difficult to put a label on the chosen 
pretreatment type [21-26]. Some methods are more 
efficient than others when it comes to yield and recov¬ 
ery of the fractions. Also, some methods are better 
suited for hardwood or agricultural residues than for 
pretreatment of softwood, probably because of the 
different lignin structures in softwood as compared 
with that in hardwood or agricultural substrates. 


Below, a selection of important pretreatment methods 
is summarized. 

Physical Methods Chipping, milling, and grinding 
are methods that aim at reducing particle size and 
thus increase the surface area exposed to enzymatic 
attack. The biomass is turned to a fine powder of 
some microns in size. To some extent decrystallization 
occurs, which also improves the hydrolysis rate. How¬ 
ever, in order to achieve a high digestibility in the 
enzymatic hydrolysis step very small particles are 
required, which makes high power consumption 
unavoidable. Actually, it can be even higher than the 
theoretical energy content that is available in the bio¬ 
mass [27]. An interesting option could be physical 
treatment in an extruder combined with heating and 
addition of chemicals in which case the power require¬ 
ments can be smaller [28]. 

Chemical Methods The most common chemical 
method is to use dilute-acid pretreatment, in which 
the material is impregnated by soaking (or by spraying) 
using a dilute strong acid. By heating the wetted mate¬ 
rial to temperatures in a range of about 140-200° C for 
a period of a few minutes to an hour, partial hydrolysis 
occurs resulting in monomeric sugars from the hemi- 
cellulose part of the substrate. Typically, sulfuric acid at 
concentrations less than 4% by weight has been added. 
The frequent use of H 2 S0 4 is due to it being rather 
inexpensive and efficient. A drawback is the generation 
of toxic compounds, if the pretreatment is too harsh, 
that may be detrimental to the fermenting organism 
[29-31]. Also, the sulfur may pose a problem if not 
taken care of properly. The residual lignin-rich fraction 
can be used for heat generation, but if the sulfur con¬ 
tent is too high, it can only be used with careful desul¬ 
furization of the effluents. Too high sulfur content in 
the final ethanol can cause malfunctioning of the fuel- 
injection nozzles in some engines. 

Pretreatment using alkaline conditions are com¬ 
monly performed at lower temperatures and pressure 
than is acid pretreatment. When the material is soaked 
in an alkaline (e.g., hydroxides of sodium, potassium or 
ammonium), pore swelling results. As a consequence, 
the internal surface area increases, which makes the 
carbohydrates more accessible for the enzymes. Besides 
the area increase, breaking of the lignin-carbohydrate 
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bonds takes place, which also allows for the enzymes to 
attack the cellulose and hemicellulose chains. Alkaline 
pretreatment has been shown to be more efficient for 
agricultural residues and herbaceous crops than for 
woody materials, as the former type of substrates con¬ 
tain less lignin. To reach similar results using woody 
materials, the cooking conditions must be much more 
severe, similar to the Kraft process for pulping. 

Lime pretreatment is an alkaline method, which is 
useful when agricultural or hardwood residues are 
involved [32, 33]. Due to its relatively low cost, it has 
become an interesting alternative; also since it can be 
recovered as solid CaC0 3 when reacted with C0 2 . The 
calcium carbonate can then be recovered and converted 
to lime again using a kiln. A disadvantage using cal¬ 
cium-containing salts is the risk for precipitations of, 
for instance, calcium oxalate, which is a well-known 
problem in the pulp industry. When process streams 
containing calcium salts are recirculated in the pulp 
plant, precipitation often takes place on heat-exchanger 
surfaces causing scaling. 

Organic solvents such as methanol, ethanol, ace¬ 
tone, glycols, or phenol, with small amounts of an 
inorganic acid catalyst (e.g., HC1 or H 2 S0 4 ), comprise 
foundation for the organosolv method [34]. This 
option makes use of that lignin dissolves in the organic 
phase, where it can be recovered using various technol¬ 
ogies. It is essential to recover the solvent both 
for economic and for environmental reasons, but 
also because the solvent itself may be inhibitory in 
the enzymatic hydrolysis and the fermentation 
steps. When ethanol is used as solvent the recovery is 
facilitated as this is part of the ethanol production 
plant. 

Physicochemical Methods This category involves 
methods that combine a physical and a chemical effect 
(e.g., steam pretreatment with addition of a catalyst, 
hydrothermolysis, wet oxidation, and ammonia fiber 
explosion (AFEX)). 

Steam pretreatment (sometimes called steam 
explosion) is commonly used for pretreatment of lig- 
nocellulosic materials. It is, in essence, a chemical 
method very similar to dilute-acid hydrolysis, but usu¬ 
ally performed at higher dry-matter contents than is 
dilute-acid hydrolysis. The typical temperature range is 
between 160°C and 240° C, with a treatment time of 


1-20 min, after which the pressure is rapidly released 
(“exploded”) and the material transported to a flash- 
off vessel. It is well suited for most materials, also for 
softwood. In this case, a small amount of acid catalyst is 
added to improve hemicellulose hydrolysis; however, 
when treating agricultural residues or most hardwood 
species, the inherent acetic acid content is enough to 
initialize hemicellulose hydrolysis, so-called 
autohydrolysis. In this case, the final pH is usually 
around 3-4, while it is set to 2 or less when mineral 
acids are added. The steam pretreatment method has 
been tested in pilot- and demo scale. 

Hydrothermolysis is similar to steam pretreatment 
but is performed using more water and usually at 
slightly lower temperatures and lower dry-matter con¬ 
tent. The result of hydrothermolysis is a liquid 
containing solubilized material, of which much is in 
its oligo- or polymeric form [35, 36] . This is usually not 
a problem if the enzymes added during the subsequent 
hydrolysis are selected to break down the fragments to 
monomers. For example, autohydrolysis of straw in 
larger scale has been demonstrated [37]. A variation 
of hydrothermolysis is the wet-oxidation procedure 
[38], where air or oxygen is added. This method is 
suited for materials having low lignin content as the 
yield has been shown to decrease with increasing lignin 
content. A drawback is that the lignin is oxidized caus¬ 
ing loss of valuable material. 

Ammonia fiber explosion (AFEX) is an alkaline 
method, which operates at elevated pressures, similar 
to steam pretreatment. However, in the AFEX method, 
instead of water, liquid ammonia is added and the 
substrate is treated for 10-60 min at around 100°C or 
less [39,40] . The resulting material contains very much 
of the carbohydrates in their polymeric forms. If the 
material is to be fermented, hydrolysis must be 
performed. However, the material has interesting 
properties in terms of water-holding capacity and gel 
formation ability, which can lead to new biodegradable 
polymer materials (e.g., barrier films and capsules 
controlled release of drugs). Like other alkaline 
methods, AFEX performs best on agricultural 
waste [41, 42], while its efficiency toward wood is 
lower, probably because of the higher lignin content. 
The ammonia must be recycled in the process to 
make it feasible, from economic and environmental 
aspects. 
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Biological Methods Biological pretreatment can be 
performed using microorganisms or individual 
enzymes to degrade the biomass to polymers [43]. 
The actual degradation is usually performed using 
white-rot fungi or brown-rot fungi, which breaks 
down the lignin or the cellulose and the hemicellulose 
part, respectively. The method as such has not been 
attracting too much attention, mainly because some of 
material is lost in the breakdown process, but also since 
biological degradation is a slow process and, therefore, 
would require large treatment units. It would be possi¬ 
ble to use the fungi as a first step, while the raw material 
is stored in piles prior to the main pretreatment step. 

Ionic Liquids A rather new approach is to use ionic 
liquids [44] to fractionate the polymers of lignocellu- 
losic materials. Ionic liquids (IL) are salts, typically 
consisting of a large organic cation (e.g., l-butyl-3- 
methylimidazolium and a small inorganic anion moi¬ 
ety). They exist as liquids at room temperature and are 
chemically and thermally stable. They act by disrupting 
the bonds between cellulose, hemicellulose, and lignin 
thus dissolving the molecules, while forming very little 
degradation products. So far, it has been demonstrated 
using pure crystalline cellulose, but some work using 
straw has also been rather successful. 

Before ionic liquids can be used commercially, 
a number of questions must be answered. It is still not 
clear how they influence fermenting organisms, 
although initial tests do not indicate any major prob¬ 
lems. However, it is necessary to establish efficient 
methods to recover the dissolved macromolecules 
from the ionic liquid, or, put in other words: how can 
one recycle the ionic liquids? Currently, the cost for 
ionic liquids is very high, which makes them less suited 
for use in production of bulk chemicals, such as etha¬ 
nol. If, however, value-added chemicals (from hemicel¬ 
lulose or lignin) can be produced in conjunction with 
ethanol production, and efficient means to recycle the 
ionic liquids are found, they constitute a very interest¬ 
ing option. 

Evaluation Having an array of different pretreatment 
methods to choose from makes it necessary to have 
tools for evaluation of the optimal process in terms of 
economic and operational feasibility. Not only must 
the pretreatment result in a well-treated substrate, but 


also the yields of the fractions have to be high. More 
severe conditions during pretreatment will cause 
greater degradation of hemicellulose sugars [45-47]. 
It is also necessary to consider the by-products formed 
and the impact they may have on the enzymatic hydro¬ 
lysis and the fermentation steps. It is presently difficult 
to say that one method is very much better compared 
to another option without taking into account, for 
example, the type of raw material that will be used in 
the process or what by-products can be expected. Also, 
it is of importance for the economics of the process to 
consider utilization of the energy content in lignin for 
internal heating purposes or for the production of 
lignin pellets for off-site markets. 

Several pretreatment methods (e.g., dilute-acid 
hydrolysis, S0 2 -catalyzed steam pretreatment, con¬ 
trolled pH, AFEX, ARP (ammonia recycled percola¬ 
tion), and lime pretreatment) have been compared 
using the same batch of raw material and exactly the 
same procedure and conditions for assessment of the 
pretreated material. This investigation has been carried 
out for two different batches of corn stover [48] and for 
poplar wood [7]. The assessment was performed by 
determining the recovery of glucose and xylose both 
as monomeric and oligomeric sugars in the liquid after 
pretreatment and in the liquid after enzymatic hydro¬ 
lysis of washed solid material (from pretreatment). The 
enzymatic hydrolysis was performed using solid mate¬ 
rial at a concentration of 1% glucan (which is a low 
concentration) and an enzyme dosage of 15 FPU/g 
glucan of the untreated material. Table 2 summarizes 
the results for the second batch of corn stover, which 
are very similar to those for the first batch. The total 
yield of sugars obtained with the different pretreatment 
methods was more or less the same, around 90% or 
more. The main difference is that the low pH methods, 
like acid hydrolysis and S0 2 - catalyzed steam 
pretreatment, result mainly in monomeric xylose, 
while the high pH methods (like AFEX) result in 
a large amount of oligomeric xylose, which requires 
also a whole range of hemicellulases in the enzymatic 
hydrolysis. 

Table 3 shows the sugar yields from the poplar- 
wood study. The yield varies more for poplar than for 
corn stover. It is higher, especially regarding glucose, 
for the low pH methods with a glucose yield close to 
theoretical compared with the high pH methods with 
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Bioethanol from Celluloses. Table 2 Summary of studies on corn stover. Yield of sugars 3 , in percentage of theoretical 
available in the raw material, after pretreatment and after pretreatment + enzymatic hydrolysis [48] 


Method 

Catalyst 

Time and temperature 

Pretreatment 

Pretreatment + 

enzymatic 

hydrolysis 

Xylose 

Glucose 

Xylose 

Glucose 

Dilute-acid hydrolysis 

H 2 S0 4 0.49% 

20 min, 160°C 

85.1 (82.8) 

6.3 

93.6 (91.2) 

91.7 

Steam pretreatment b 

S0 2 3% 

5 min, 190°C 

37.1 

8.6 

91.8 

95 

Controlled pH 

None 

15 min, 190°C 

57.8 (2.4) 

5.6 (0.3) 

81.7 (26.3) 

85.2 

AFEX 

Cone NH 3 

5 min, 90°C 

0 

0 

91.8 (77.7) 

96 

ARP 

nh 3 

10 min, 170°C 

47.2 

0 

88.3 (41.1) 

90 

Lime 

CaO 0.08 g/g biomass 

4 weeks, 55°C 

24.4 (0.8) 

1.6 (0.5) 

76.4 (52.8) 

93.1 (92) 


a Based on monomer and oligomer sugars obtained in the hydrolysate after pretreatment and in the enzymatic hydrolysis of pretreated 
material. Numbers in brackets are for monomer sugars only, when reported 
Performed for another batch of corn stover 


Bioethanol from Celluloses. Table 3 Summary of studies on poplar. Yield of sugars 3 , in percentage of theoretical 
available in the raw material, after pretreatment and after pretreatment + enzymatic hydrolysis [49] 





Pretreatment 

Pretreatment + 
enzymatic hydrolysis 

Method 

Catalyst 

Time and temperature 

Xylose 

Glucose 

Xylose 

Glucose 

Dilute-acid hydrolysis 

H 2 S0 4 2% 

1.1 min, 190°C 

62.4 

23.9 

71.7 

86.7 

Steam pretreatment 

S0 2 3% 

5 min, 190°C 

74.4 (54.3) 

3.1 

83.7 (63.6) 

100 

Controlled pH 


10 min, 200°C 

58.1 (3.9) 

2 (0.1) 

95.7 (41.5) 

55.9 (54) 

AFEX 

Cone NH 3 

10 min, 180°C 

0 

0 

51.9 

53.1 

ARP 

NH 3 (39%) 

27.5 min, 185°C 

37.2 (0) 

0.5 (0) 

68.6 (31) 

49.3 (48.9) 

Lime 

CaO 20% 

120 min, 160°C 

4.7 (0) 

0.3 (0) 

77.5 (65.1) 

96 (90.6) 


a Based on monomer and oligomer sugars obtained in the hydrolysate after pretreatment and in the enzymatic hydrolysis of pretreated 
material. Numbers in brackets are for monomer sugars only, when reported 


glucose yield as low as 50%. Also for poplar, the high 
pH methods result in more oligomeric xylose, with the 
exception of lime. It should also be noticed that for 
poplar much more severe conditions, like a higher 
temperature, had to be used (Table 3) compared with 
the requirements for corn stover. 

While many pretreatment methods have been 
investigated for agricultural waste and hardwood, the 
number of feasible pretreatment methods investigated 


for softwood is smaller. It appears that acid hydrolysis 
and steam pretreatment with acid catalyst are the most 
appropriate methods [20] to give high sugar yields 
from softwoods, which are much more recalcitrant 
than the other lignocellulosic materials. Acid hydrolysis 
and steam pretreatment with acid catalyst seem to be 
the methods that can be used for all types of raw 
materials and these are also the methods that have 
been most extensively used in pilot and demo plants. 
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However, the drawbacks are the high equipment cost 
and the formation of inhibitors formed during 
pretreatment. 

In most assessments of pretreated materials, 
a mixture of cellulases is used in the enzymatic hydro¬ 
lysis step. Steam pretreatment of corn stover, with and 
without addition of S0 2 , was assessed by enzymatic 
hydrolysis using ordinary cellulases supplemented 
with xylanases [49]. The additions of small amounts 
of xylanases had a major impact on the xylose yield 
and, surprisingly, even more on the glucose yield 
(Table 4). 

The improvement of sugar yield in the enzymatic 
hydrolysis of corn stover by addition of xylanase was 
more pronounced for pretreatment methods that 
removed less xylose (e.g., AFEX) [50]. However, also 
for S0 2 -catalyzed pretreatment, the increases in glu¬ 
cose and xylose yields in the enzymatic hydrolysis were 
about 15% and 34%, respectively. This was also shown 
for poplar wood [51]. This shows the importance of 
not using standard methods when assessing 
pretreatment, but to actually optimize the combination 
of pretreatment and enzymatic hydrolysis, and prefer¬ 
ably also fermentation. 

It is important, however, to keep in mind that the 
assessments described above are not performed under 
realistic process conditions as the substrate concentra¬ 
tion in the enzymatic hydrolysis was very low and the 
influence of possible inhibitors present in the 
pretreated slurry was avoided. For a correct evaluation, 
the fully integrated process must be considered as the 
various pretreatment methods result in different types 


of materials. Hemicellulose sugars can be obtained 
either in the liquid as monomer or oligomer sugars, 
or in the solid material to various extents; lignin can be 
either in the liquid or remain in the solid; the compo¬ 
sition and amount/concentration of possible inhibitory 
compounds also vary. This will affect how the enzy¬ 
matic hydrolysis should be performed (e.g., with or 
without hemicellulases), how the lignin is recovered, 
and also the use of the lignin coproduct. This means 
that all process steps have to be optimized taking into 
account the special features of the pretreated material, 
and then comparing the production cost for the vari¬ 
ous alternatives. 

Enzymatic Hydrolysis 

Enzymatic hydrolysis of lignocellulosic materials 
requires a multitude of enzymes, which have activity 
toward a variety of molecular groups. For example, to 
hydrolyze cellulose, at least three different types of 
enzymes must be present: endoglucanases, which dis¬ 
rupt amorphous areas of the molecule to create free 
ends; cellobiohydrolases that cleave cellobiose from 
both ends of the exposed chain to form cellobiose; 
and, finally, (3-glucosidase that generates two glucose 
molecules from cellobiose. Most cellulases are end- 
product inhibited, that is, most cellulases are affected 
by cellobiose [52, 53], while (3-glucosidase is particu¬ 
larly sensitive to glucose [54], resulting in an accumu¬ 
lation of these sugars, which slows down hydrolysis (or 
even stops it completely). Compounds that are gener¬ 
ated in the pretreatment step can also have a negative 


Bioethanol from Celluloses. Table 4 Overall sugar yields as percentage of theoretical based on content in raw material 
after enzymatic hydrolysis of steam-pretreated corn stover (with and without impregnation with S02 [48]) 



Enzymatic hydrolysis using only 
cellulases 3 

Enzymatic hydrolysis using cellulases 3 
with addition of xylanases b 

Pretreatment conditions 

Glucose 

Xylose 

Glucose 

Xylose 

170°C, 9 min + S0 2 

62.2 

67 

70.7 

70.6 

190°C, 5 min + S0 2 

83.2 

70.5 

96 

73.9 

190°C, 5 min, no catalyst 

69.3 

74.6 

93.8 

85.3 


a Celluclast 1.5 L and Novozyme 188 (both from Novozymes A/SBagsaerd, Denmark) 
b Multifect Xylanase (from Genencor) Int. Rochester, NY, USA) 

Total amount of protein equal in all enzymatic hydrolysis 
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impact on enzymatic hydrolysis. If the liquid fraction 
from the pretreatment step is replaced or if washed 
material is used for enzymatic hydrolysis, hydrolysis 
can be improved [55]. This improvement suggests 
that other inhibitory compounds than the sugars may 
play a vital role as inhibitor. Another important factor 
is the unproductive binding of the cellulase enzymes to 
lignin, causing the overall catalytic effect to be smaller. 

There are many cellulase-producing species in 
nature, most of them various fungi. The maximum 
cellulase activity for most fungal-derived cellulases 
and (3-glucosidase occurs at 50 =b 5°C and a pH of 4-5. 
During the last decade, much effort has been made to 
improve the overall activity of the enzymes and the yield 
of enzymes, but also production itself has been rendered 
more effective to decrease cost. Independently from 
ongoing cost-reduction efforts [56, 57], the produc¬ 
tion cost of enzymes is still rather high and requires 
further reduction. One way to achieve this is to use 
a fraction of the feedstock and/or the hydrolysate for 
on-site enzyme production by fungi or other microor¬ 
ganisms [58]. 

Some pretreatment methods leave the hemicellulose 
fraction more or less unaffected calling for additional 
hydrolysis using hemicellulases. The hemicellulose part 
of lignocellulosic materials requires other types of 
enzyme complexes for efficient hydrolysis. Since the 
raw material differs with regard to the composition of 
hemicellulose, ideally the enzyme cocktail should be 
prepared in a way that best meets the demand of the 
various materials. For example, agricultural residues 
require xylanases to be present, while it is preferable 
to have mannanases if the material is softwood. 
The hemicellulase system includes among others 
endo-l,4-/?-D-xylanases, which hydrolyze internal bonds 
in the xylan chain; l,4-/?-D-xylosidases, which attack 
xylooligosaccharides from the nonreducing end to liber¬ 
ate xylose; endo-l,4-/?-D-mannanases, which cleave inter¬ 
nal bonds in mannan; and l,4-/?-D-mannosidases, which 
cleave mannooligosaccharides to mannose. The side 
groups are removed by a number of enzymes: a-D- 
galactosidases, a-L-arabinofuranosidases, oc-glucuroni- 
dases, acetyl xylan esterases and feruloyl, and 
p- cumaric acid esterases [59-62]. 

Enzymatic hydrolysis of lignocellulosic materials 
has been studied on a number of substrates and 
under various conditions [55, 63, 64]. Separate 


hydrolysis and fermentation (SHF) is an attractive 
idea since it allows for different conditions during 
hydrolysis and fermentation, though the choice 
between SHF and simultaneous saccharification and 
fermentation (SSF, which is described in detail below) 
has to be made after economic optimization. It is pos¬ 
sible to have a higher temperature during hydrolysis to 
benefit from the higher activity of the enzymes at 
elevated temperatures. However, it is important to 
note that the stability of the enzymes is affected by 
temperature. It has been shown that it can be favorable 
to operate at lower temperatures to reach higher yields 
of sugars. For spruce the optimal temperature was 
found to be dependent on both residence time and 
pH, and the maximum degree of cellulose conversion, 
69.2%, was obtained at 38°C and pH 4.9 for a residence 
time of 144 h [65]. The decision regarding maximum 
reaction rate, optimal stability, and residence time has 
to be made based on economic considerations. It is also 
desirable to operate at high solids content to reach 
sugar concentrations that will result in ethanol concen¬ 
trations around 4%. However, increasing solids con¬ 
centrations create technical problems, since it can be 
difficult to mix the material efficiently, especially in the 
initial phase of hydrolysis, when the viscosity can be 
very high [66, 67, 110]. 

Fermentation of Sugars 

Fermentation is performed using a microorganism, 
usually yeast, which converts sugar to ethanol. The 
yeast Saccharomyces cerevisiae (sometimes referred to 
as baker’s yeast) is today the prime choice in industrial 
ethanol production from starch and sugar. It is a very 
robust microorganism, which has a high ethanol toler¬ 
ance and is also rather tolerant to inhibitors produced 
during pretreatment of biomass. It has also a high 
ethanol productivity (up to 1.3 g g -1 cell mass h -1 ) 
and yield (higher than 0.45 g g -1 at optimal condi¬ 
tions) [68] . The main drawback is that it only ferments 
hexose sugars (i.e., glucose, mannose, and, under cer¬ 
tain circumstances, galactose), but is not able to fer¬ 
ment the pentose sugars, xylose and arabinose, which 
are present in all hemicelluloses, especially in hard¬ 
wood and agricultural residues (Table 4). There are 
naturally occurring yeasts (like Pacchysolen 
tannophilus, Pichia stipitis , and Candida shehate ) and 
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bacteria (like Escherichia coli, Klebsiella, Erwina, Lacto¬ 
bacillus, Bacillus, and Clostridia ) able to utilize pen¬ 
toses, but these have other drawbacks (e.g., less 
tolerance for ethanol and inhibitors, lower fermenta¬ 
tion rate, and a need for rigorously controlled aera¬ 
tion), which make them less suitable for industrial 
applications [69, 70]. 

A lot of effort has been devoted to the development 
of efficient xylose-fermenting microorganisms [71, 72], 
as xylose is by far the most abundant pentose sugar, but 
there is also research going on to develop the arabinose 
fermentation [73, 74] as well as on genetically modified 
S. cerevisiae [12, 75, 76]. 

Genetic modification of S. cerevisiae has got a lot of 
attention due to the attractive properties of this yeast 
and its abundant use in industry. S. cerevisiae can 
naturally ferment xylulose; so in order to make it also 
ferment xylose, a pathway for conversion of xylose to 
xylulose has to be introduced. This can be done in two 
ways: either by introducing genes encoding for xylose 
isomerase (XI) from bacteria and fungi [77-79], which 
converts xylose to xylulose in one step, or by introduc¬ 
ing genes encoding for xylose reductase (XR) and xyli- 
tol dehydrogenase (XDH) from fungi [80, 81], which 
first reduces xylose to xylitol and then xylitol is oxi¬ 
dized to xylulose. 

Also, the endogenous XKS1 gene encoding 
xylulokinase (XK) has to be overexpressed to obtain 
significant xylose fermentation [81]. 

The uptake of xylose in S. cerevisiae is performed by 
glucose transporters, which have about two orders of 
magnitude lower affinity for xylose than for glucose 
[70] resulting in competitive inhibition of xylose 
uptake by glucose. A lot of research has been carried 
out on transport proteins and introduction of various 
sugar transporters to increase the uptake of xylose [82] . 
The presence of a small amount of glucose increases the 
xylose uptake [83]. This has also been shown in recent 
SSF studies, with co-fermentation of xylose and glu¬ 
cose, where a slow release of glucose, thus maintaining 
it at low concentration resulted in increased uptake and 
utilization of xylose [84-86]. 

Another challenge in fermentation of lignocellu- 
losic hydrolysates is the presence of various compounds 
present in the hydrolysate that are inhibiting to the 
microorganism. These compounds comprise degrada¬ 
tion products formed during pretreatment (like 


furfural, HMF, formic acid and levulinic acid, and 
phenolics) as well as compounds present in the biomass 
(like acetic acid and extractives) [87]. The concentra¬ 
tions of these and all other inhibitory substances in the 
fermentation step depend on the configuration of the 
preceding process steps. 

The inhibitory effect can be overcome by detoxifi¬ 
cation of the hydrolysate before fermentation. There 
have been many chemical and physical methods pro¬ 
posed that reduce the concentration of inhibitors and 
improve the performance in the fermentation step. 

Treatment with Ca(OH) 2 (so-called overliming), 
ion-exchange treatment, and steam stripping may 
increase the fermentability significantly but may also 
result in some sugar loss [88, 89] . This will also increase 
both the capital and running costs. 

Another approach is to make the yeast more toler¬ 
ant, by adaptation to the hydrolysate, and to design the 
fermentation procedure so that the concentrations 
of inhibitors are kept at a low level. Cultivation of 
S. cerevisiae , both natural strains and genetically 
modified strains capable of fermenting xylose, on 
hydrolysates of steam-pretreated spruce containing 
inhibitors have resulted in higher ethanol yield and 
productivity from the same hydrolysate than cultiva¬ 
tion on pure sugars [90, 91]. The other approach is to 
run the fermentation in a fed-batch mode and feeding 
the hydrolysate at a rate that makes it possible for the 
yeast to detoxify the hydrolysate in situ [92]. Detoxifi¬ 
cation occurs when carbonyl compounds - like in 
furans and phenolics - are reduced to the 
corresponding alcohols, which are less inhibitory to 
yeast [93]. In such cases, the fermentation productivity 
will be a function of the inhibitor concentration, the 
conversion capacity of the yeast, and the quality of the 
process control. 

One inhibitor usually present in hydrolysates is 
acetic acid, formed from the acetyl groups present in 
most hemicelluloses. Acetic acid has a pK a of 4.75, 
which is close to the pH of fermentation and therefore 
a significant amount is in undissociated form that can 
diffuse through the plasma membrane, and may disso¬ 
ciate inside the cell. This has an intense inhibitory effect 
on growth of Saccharomyces cerevisiae, but leads to an 
increased ethanol yield at low concentrations, up to 6 g/L 
[31, 94]. In order to avoid the drop in intracellular pH, 
the cell must pump out protons using the plasma 
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membrane ATPase. To achieve this, the cells have to 
produce more ATP, which in anaerobic conditions is 
done by producing more ethanol and thus resulting in 
increased ethanol yield [30]. Increased ethanol yield 
has also been noted in the presence of furfural at low 
concentrations [95]. At higher concentrations of acetic 
acid (above 10 g/L), the ethanol yield is decreased while 
initial furfural concentrations below 5 g/L can be 
acceptable for fermentation; however, at higher con¬ 
centrations severe inhibition may occur, which reduces 
the ethanol productivity [96]. 

Another option to run the fermentation is by con¬ 
tinuous fermentation with several fermentors in cas¬ 
cade. In continuous fermentation, the yeast is retained 
in the fermentor either by running at a dilution rate 
below the growth rate of the yeast or by recycling the 
yeast. This would be beneficial as the yeast gets adapted 
to the inhibitors present in the hydrolysate. Further¬ 
more, it results in reduced labor costs and reduced 
fermentor downtime for cleaning and filling, as well 
as in higher volumetric productivity (in case cells are 
recycled) compared with batch fermentation [97]. 

Process Intensification 

One of the most crucial factors in process intensifica¬ 
tion of the ethanol production process is to run the 
process at as high dry-matter concentration as possible, 
which leads to decreased size of equipment as well as to 
reduced energy demands. This leads to less material 
being handled and less water to be removed in the 
downstream processing, which has a significant effect 
on capital and running cost [98, 99]. Figure 7 shows 
a comparison of the overall energy demand and total 
production cost as function of the solid concentration 
in the SSF for ethanol production from spruce [100] 
assuming that an increase in dry matter does not affect 
the conversion yield. Similar relationships were found 
for corn stover and salix [101, 102]. 

However, high dry matter leads to problems related 
to heat and mass transfer in the conversion steps (i.e., 
pretreatment, enzymatic hydrolysis, and fermentation 
(or SSF)) as well as higher concentration of inhibitors 
in the biological steps, as is outlined below. The con¬ 
centrations of various inhibitors depend though on 
how the process is designed as can be seen in Fig. 8. 
In process configurations where the liquid after 
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Comparison of the overall energy demand and total 
production cost as function of the solid concentration 


pretreatment is separated and used for other purposes, 
the effect of inhibitors on SHF or SSF of the solids 
diminishes (e.g., IBUS process [103]). The liquid 
could then be used for other applications (e.g., biogas 
production) where it may be diluted without negative 
effects as the product is recovered from a gas phase, 
where the product concentration is not affected by the 
substrate concentration in the liquid. Lower inhibitor 
concentrations can also be achieved by using 
pretreatment methods that do not create degradation 
products keeping in mind that several inhibitors, like 
acetic acid and extractives, are present in the lignocel- 
lulosic material and are difficult to avoid. 

Another important way to reduce the energy 
demand in the process and reduce capital cost is by 
process integration, that is, by using as few process 
steps as possible. Simultaneous saccharification and 
fermentation (Fig. 8) can be seen as one type of inte¬ 
gration that results in both lower energy demand and 
lower capital cost. SSF has been widely used also for 
industrial starch-based fuel-ethanol production. By 
performing the enzymatic hydrolysis and fermentation 
in the same reactor, the sugars formed by enzymatic 
hydrolysis are converted by the yeast as soon as they are 
released. This maintains a low concentration of sugars 
in the broth which alleviates the end-product inhibi¬ 
tion of the cellulases and also diminishes the risk for 
infections. Another advantage is the capability of the 
yeast to partly detoxify the slurry [55]. These two 
effects result in an increased enzymatic hydrolysis 
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Various process configurations and some potential products 


productivity compared with enzymatic hydrolysis 
performed at higher temperatures. This results in 
higher overall ethanol productivity, which means 
a lower total reactor volume. It has also been shown 
in several studies that the ethanol yield is higher after 
SSF than after SHF both for softwood and agricultural 
residues [104, 105]. However, the development of new 
cellulases that are less end-product-inhibited may 
change this situation in the future. 

Another advantage of SSF is that glucose does not 
need to be separated from the lignin fraction following 
a separate enzymatic hydrolysis step, thereby avoiding 
not only a potential loss of sugar but also excessive 
washing, which dilutes the sugar stream. After the 
SSF, the slurry is taken to a distillation step where 
ethanol is distilled off, with negligible loss of ethanol 
in the remaining stillage stream, and the lignin is then 
separated by filtration. 

The main drawback with SSF is that the yeast after 
SSF is difficult to recover as it is mixed with the residual 
solid (i.e., mainly lignin) and also that the optimal 
temperature and pH for enzymatic hydrolysis and 


fermentation differ. In spite of this, SSF is in many 
studies considered as a better option than SHF for 
several raw materials investigated. The use of SSF is 
also cost effective, since it reduces the number of reac¬ 
tors [106]. 

Other studies on SSF have aimed at decreasing the 
enzyme and yeast concentrations and varying temper¬ 
ature and pH. The enzymes are either produced on¬ 
site, which results in less substrate available for ethanol 
production and thereby a lower overall ethanol yield, or 
purchased and thereby add to the cost of chemicals. 
The yeast will most probably be cultivated using the 
hydrolysates after pretreatment, in order to adapt it to 
the hydrolysates. A higher yeast concentration will thus 
lead to a lower overall ethanol yield. As the rate of the 
enzymatic hydrolysis is rate-limiting in most SSF 
experiments, the yeast concentration can be lowered 
[8, 101, 107] but should not be too low to avoid a stuck 
fermentation. 

When both pentoses and hexoses are fermented 
together in SSF, the process is referred to as SSCF (i.e., 
simultaneous saccharification and co-fermentation). 
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In this case, the whole slurry from pretreatment is fed 
directly to SSF, which reduces the number of process 
steps compared to separate pentose fermentation and 
SSF. SSCF can also lead to better utilization of sugars. 
Studies [84, 85, 108] have shown that the utilization of 
xylose, using pentose-fermenting yeast, was improved 
when SSF was used for slow release of glucose, which 
facilitated the uptake of xylose, compared with when all 
glucose is available from the start, which is the case in 
traditional SHF. The slow release may be controlled 
either by the enzyme dosage, by the temperature during 
SSF, or by a combination of both [108]. However, it 
may be difficult to control the slow release of glucose in 
full scale, so it will be necessary to perform tests in 
pilot-plant size to evaluate the concept. 

Still another option for an even more integrated 
process is to perform enzyme production, enzymatic 
hydrolysis, and fermentation in a single reactor, 
so-called consolidated bioprocessing (CBP) [109]. 
CBP has the potential for lower bioethanol production 
costs due to simpler feedstock processing, lower 
energy inputs, and lower capital cost than separate 
hydrolysis and fermentation processes. However, this 
requires a microorganism that produces all the 
required enzymes and ferments all sugars. This could 
either be done by engineering bacteria that naturally 
utilizes cellulose, like Clostridium cellulolyticum or 
Clostridium thermocellum , and improve the ethanol 
production in those or to genetically modify naturally 
good ethanol-fermenting microorganisms (like the 
yeast S cerevisiae) to express heterologous cellulase 
systems. Both approaches have been investigated but 
to date no microorganisms are available, which are 
sufficiently effective and the concept is subject to fur¬ 
ther research. 

To avoid problems with mass transfer in enzymatic 
hydrolysis, SSF, SSCF, or CBP, a short prehydrolysis can 
be performed where the material is partly liquefied and 
the viscosity drops. This may be performed in specially 
designed reactors. One example [110] has been capable 
of liquefying pretreated wheat straw at solids concen¬ 
trations up to 40% (w/w) by the use of enzymes. 
Another way of handling both the mass transfer and 
inhibitor problems in the biological conversion step, 
like SSF, is to run in a fed-batch mode. 

In recent years, significant progress has been made 
in running SSF at higher solids loading both by using 


adaptation of yeast or fed-batch procedures to over¬ 
come the effect of inhibitors. Final ethanol yields 
higher than 70% of theoretical, based on total hexoses 
and pentoses, and final ethanol concentrations around 
4% (wt/wt) can be expected [108]. 

In case the liquid after pretreatment is removed 
before the SSF step, that is, using only the cellulose 
for ethanol production, while the hydrolysate 
containing the hemicellulose sugars and the inhibitory 
compounds are used for other purposes (like biogas), 
the ethanol concentration in SSF can be even higher. 
An ethanol concentration higher than 6 wt-% has been 
demonstrated in a combined prehydrolysis and SSF of 
pretreated wheat straw although the running time was 
higher than 200 h [103]. 

The most obvious way to reduce energy demand is 
by heat integration of steam-requiring process steps. By 
running the various process steps at different pressures, 
it is possible to use the secondary steam obtained from 
the equipment run at high pressure to heat an equip¬ 
ment run at low pressure. This could include integra¬ 
tion of the distillation step with the evaporation plant, 
increasing the amount of distillation columns, or 
increasing the number of units in the multiple-effect 
evaporation unit [111]. A somewhat different concept 
is to introduce mechanical vapor recompression in 
distillation and/or evaporation [111]. 

Another option is to replace energy-demanding 
process units with a less energy-demanding process 
step. One option that has been proposed to take care of 
the stillage stream is to evaporate it and concentrate the 
nonvolatiles to dry-matter content above 50-60 wt-% 
and then burn the residue in a boiler to produce heat 
for the ethanol process. Evaporation of the stillage is 
very energy demanding [100] and is performed mainly 
as a wastewater treatment step. The energy obtained 
from combustion of the concentrated stillage stream is 
in the same order as the energy needed to perform the 
evaporation. One option could be to replace evapora¬ 
tion with anaerobic fermentation of the stillage stream 
for production of biogas. In this way, the energy 
demand for evaporation can be eliminated and also 
the capital cost. Both volatile and nonvolatile organic 
compounds are converted to biogas, which can then be 
used in the boiler for production of heat and power to 
the process. Alternatively, the biogas can be upgraded 
to pure methane to be used as transportation fuel. The 
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amount of biogas that can be produced depends on the 
composition of the stillage stream and has to be verified 
experimentally for each specific stillage stream to 
assure that most of the organics are fermented. Also, 
the requirement of an aerobic treatment step for final 
wastewater handling needs to be evaluated. In a couple 
of studies where evaporation has been replaced by 
anaerobic digestion, it has been shown that the poten¬ 
tial for reducing the energy demand and the ethanol 
production cost is substantial [112, 113]. 

External Process Integration 

One approach to reduce the production cost for cellu- 
losic ethanol production is to integrate it with another 
suitable plant (e.g., a combined heat and power plant, 
a starch-based ethanol plant, a sugar-based ethanol 
plant, or a pulp and paper mill). The type of plant to 
integrate with is very much dependent on the biomass 
that is to be used, the location, and also the 
process configuration. For instance, in case wood resi¬ 
dues are used, it could be suitable to integrate 
with a CHP plant that is also using forest residues for 
heat and power production. Part of the solid 
residue can then be replaced by the lignin fraction 
available from the cellulosic ethanol plant and the 
CHP plant provides the ethanol plant with steam and 
electricity. 

Another option is to integrate cellulosic ethanol 
production with starch-based ethanol production 
(e.g., from corn or wheat) to utilize the whole agricul¬ 
tural crop. One benefit is that the raw material is close 
to the factory and another is that the lignin from the 
cellulosic part of the material can provide heat and 
electricity for both processes, that is, both for the 
first-generation and the second-generation ethanol 
plant. Depending on how the integration is performed, 
it could also help to boost the ethanol concentration 
resulting from the lignocellulosic process, for example, 
if the same distillation unit is used for both plants. This 
will reduce the energy demands in the distillation and 
the evaporation steps. However, in case the residue 
from the first-generation plant is to be used as animal 
feed (DDGS), the integration approach must be care¬ 
fully chosen to avoid affecting the value of the DDGS. 
In case the residue is used for biogas production, the 
integration is easier to implement. 


A third option is integration with a sugar-based 
ethanol production plant (e.g., sugarcane-based etha¬ 
nol production). The same benefits as for integration 
with starch-based ethanol production can be achieved. 

The biorefinery concept, that is, to use the whole 
crop for production of a variety of chemicals and fuels 
using chemical and biological transformations, is also 
an interesting option. Figure 9 shows a variety of prod¬ 
ucts that could be produced when ethanol is produced 
from either the cellulose fraction only or from both 
cellulose and hemicellulose. In this case, the income 
from other products improves the overall process 
economics. 

Integration with Heat and Power Plant Integration 
of cellulose-based ethanol production with a combined 
heat and power plant (Fig. 10) has the possibility to 
reduce the production cost of ethanol. One of the 
benefits is that the syrup or lignin residue can be used 
for steam production without prior drying, which 
reduces the energy demand. This type of integration 
is even more interesting in case the plants are combined 
with district heating as the heat of condensation in the 
flue gases from the CHP can be utilized for district 
heating. Also the excess heat from the ethanol plant 
can be utilized for this purpose. Such integration has 
been shown to increase the energy efficiency and reduce 
the production cost by up to 20% for conditions 
prevailing in Sweden [114]. The study was based on 
ethanol production from 200,000 t of spruce per year. 
Various options for the utilization of the solid residue 
formed during ethanol production from spruce, such 
as the production of pellets, electricity, and heat for 
district heating, were compared. The overall energy 
efficiency ranged from 53% to 92% (based on the 
lower heating values, LHV) with the highest value for 
cases with district heating, where a large part of the 
low temperature waste heat from the process can 
be utilized. However, this option restricts the location 
to the vicinity of larger cities of the plant as there 
must be a demand for the surplus heat. Similar 
conclusions regarding utilization of waste heat were 
reached in a study on coproduction of ethanol and 
electricity from softwood, based on conditions in 
California [115]. 

In a recent study on ethanol from spruce [113] 
several configurations where evaporation of the liquid 
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Bioethanol from Celluloses. Figure 9 

A selected number of potential products from biomass 
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Bioethanol from Celluloses. Figure 10 

Integration of a cellulose-based ethanol production with a combined heat and power plant 
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fraction of the stillage stream from distillation was 
replaced by anaerobic digestion (AD) followed by aer¬ 
obic wastewater treatment were investigated. In the 
best case, the energy efficiency, based on LHV, for 
the combined production of ethanol and biogas 
was 59% and the overall efficiency, including the 
contributions from electricity and district heat, was 
92%. This process configuration resulted also in the 
lowest ethanol production cost. The total ethanol 
production cost was diminished by 17-22% compared 
with the base case using evaporation of the stillage 
stream and burning of the concentrated syrup in the 
CHP. 

Most of the existing pilot and demo scale plants for 
cellulosic ethanol production are integrated with pro¬ 
duction of power and steam, mostly using the lignin 
fraction. 

Integration with First-Generation Ethanol Another 
option is to integrate second-generation cellulosic eth¬ 
anol production with first-generation starch-based or 
sugar-based ethanol production to use the whole 


agricultural crop (Figs. 11 and 12, respectively). Suit¬ 
able residues are corn stover, corn cobs, corn fiber, 
wheat straw, and sugarcane bagasse and leaves/trash. 
There are many possible ways to integrate the processes 
(Fig. 11) for the starch-based case, and the desired 
choice of integration is very much influenced by the 
choice of coproducts. 

The absolute lowest degree of integration is to share 
the heat and power production plant where the lignin 
residue, and in some cases also biogas, from the 
second-generation plant is used to provide heat and 
electricity to both plants. This is perhaps the most obvi¬ 
ous integration in corn-based ethanol plants in the USA 
where the corn is used to produce several different 
coproducts, besides ethanol, and where most of the 
plants are using natural gas for heat and power produc¬ 
tion. In case this is replaced by heat and power from the 
cellulosic material, it will improve the sustainability of 
these plants. Another option, at a low integration level is 
to use a combined distillation plant (option 1 in Fig. 11). 
The two processes would have separate and dedicated 
equipment for pretreatment, hydrolysis and 
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Bioethanol from Celluloses. Figure 11 

Integration of starch-based and lignocellulose-based ethanol production 
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Sugar cane 



Heat and power 


Bioethanol from Celluloses. Figure 12 

Integration of sugarcane-based and lignocellulose-based ethanol production 


fermentation. As it is usually difficult to reach high 
sugar and ethanol concentrations in the second- 
generation ethanol production, while starch- or molas¬ 
ses-based ethanol production require dilution of the 
sugar, the latter could be used to boost the second- 
generation ethanol stream to reach ethanol concentra¬ 
tions well above 4-5 wt-%. This would result in 
a decrease of the critical energy demand in the com¬ 
bined distillation step compared with distillation in 
two units well below 4 wt-% ethanol (Fig. 13). 

The possibility for integration in the upstream 
direction increases when both first- and second- 
generation plants are designed and erected simulta¬ 
neously. Figure 11 shows some options [2-4] where 
material streams are combined further upstream. This 
could reduce not only the equipment cost but also the 
energy demand. Integration may also alleviate some of 
the inhibitory effects occurring from formation of toxic 


compounds in the pretreatment step. If the process 
streams are mixed prior to fermentation the lignocel- 
lulosic streams will be diluted by the starch- or sugar- 
based streams. The integration may in some cases also 
lead to higher ethanol yield from the first-generation 
plant. In a study where pretreated wheat straw was 
mixed with wheat starch, a higher ethanol yield as 
compared with using either only starch or only wheat 
straw was obtained using SSF [116]. This was probably 
due to the stress on S. Cerevisiae caused by weak 
organic acids present in the hydrolysate of steam- 
pretreated wheat straw. It is also easier to reach a high 
ethanol concentration using such a mixture than when 
using wheat straw only as a raw material. The use of the 
wheat starch, coming from wheat flour, is rather rich in 
nutrients, which could also contribute to decrease the 
amount of additional nutrients needed in SSF of wheat 
straw. 
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Ethanol feed concentration (% [w/w]) 

Bioethanol from Celluloses. Figure 13 

Energy demand in the distillation step, where ethanol is 
concentrated to 94 wt-%, as a function of the ethanol feed 
concentration. The step was assumed to consist of two 
stripper columns (25 trays each) and a rectification column 
(35 trays) heat integrated by operating at different 
pressures. The inlet feed temperature was increased from 
80°C to the boiling temperature before entering each 
stripper column 


Figure 12 shows a fully integrated ethanol produc¬ 
tion process for utilization of the whole sugarcane 
plant. In this case, the sugarcane bagasse (i.e., the 
residue of the cane after extraction of sucrose) is 
already on site at the ethanol mill. In many sugarcane 
ethanol plants, the bagasse is used to provide steam for 
the process and to cogenerate electricity, but by using 
a part of it for ethanol production the value chain can 
be increased [117]. Another option is to also use the 
leaves of the sugarcane, which in many cases today are 
burnt on the field creating an air pollution problem. In 
Brazil, which is a large producer of sugarcane ethanol, 
the government is becoming more restrictive regarding 
burning of residue in the field [118]. The development 
of more efficient burners [119-121] will also allow 
more effective use of these resources. 

To summarize, the integration of first- and second- 
generation bioethanol production results in higher 
ethanol yield, lower energy demand, and lower produc¬ 
tion cost than by using a stand-alone second- 
generation ethanol production. To define the most 
optimal way of integration requires detailed studies 
(e.g., by flow-sheeting calculations based on reliable 
experimental data). 


Future Directions 

Substantial progress has been achieved in the field of 
lignocellulosic fuel-ethanol production and several 
pilot and demo plants have been built the recent years 
[122]. However, there are still several challenges 
remaining before reaching a mature industrial technol¬ 
ogy. Some of the most important challenges are: 

• To produce ethanol at a high concentration. The 
most obvious is to perform enzymatic hydrolysis or 
SSF at high dry-matter concentration. This requires 
improvement of enzymatic hydrolysis with efficient 
enzymes, reduced enzyme production cost, and 
novel technology for high solids handling. Another 
important factor is to utilize all the sugars available 
in the pretreated material, that is, either including 
pentose fermentation or to produce some other 
energy product like biogas. The former will lead 
both to a higher ethanol concentration and to 
a lower production cost, while the latter results in 
a facilitated ethanol production from hexoses. 

• The increase in concentration of inhibitory com¬ 
pounds with increased dry matter may lead to 
a decreased ethanol yield. To cope with this, an 
option is to separate the solid and liquid fractions 
and only use the solid fraction (i.e., the cellulose) 
for ethanol production. The liquid could then be 
used for other applications (e.g., biogas produc¬ 
tion) where it may be diluted without negative 
effects in the product recovery as the biogas is 
obtained in the gas phase. 

• Development of robust fermenting organisms, 
which are more tolerant to inhibitors and ferment 
both pentoses and hexoses in the raw material in 
concentrated hydrolysates with high yield, at high 
productivity and with high ethanol concentration. 
The co-fermentation of pentoses and hexoses will 
lead both to a higher ethanol concentration and to 
a lower production cost. 

• Extension of process integration to reduce the num¬ 
ber of process steps and the energy demand and to 
reuse process streams to eliminate the use of fresh¬ 
water and to reduce the amount of waste streams. 

• Process integration with other types of industrial 
processes, for example, a combined heat and 
power plant or first-generation ethanol plant, 
which will reduce the production cost further. 
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This may result in higher ethanol concentrations to 
the distillation step compared with a stand-alone 
second-generation plant. 

One of the most important issues is to verify all 
process steps in an integrated way in pilot and/or demo 
scale. These plants should provide data for full-scale 
ethanol production and at the same time define new 
challenges for further research. The step from pilot- 
and demo-scale production of lignocellulosic ethanol 
to competitive full-scale production requires further 
reduction of the production cost. In pilot and demo 
scale, it is important to prove the whole process for 
longer periods of time with variation in raw material, 
which can be due to normal variations in crops due to 
where it is grown and the climate as well as by changes 
during storage. High accessibility and verification of 
yields and productivities obtained in lab and bench 
scale has also to be achieved, especially for critical process 
steps as pretreatment and SHF or SSF. Also more tech¬ 
nical issues like separation of lignin and the influence of 
process integration and recycling of process streams on 
fouling. The qualities of products and coproducts as well 
as wastewater treatment are other important factors. 

A conclusion to be drawn is that there is 
a significant potential of improvement and develop¬ 
ment. The production processes can be far more effi¬ 
ciently designed in the future as compared with 
prevailing concepts considering individual process 
steps, process configurations, and a huge number of 
combinations of process integration options. 

This complexity and large number of design 
options could be considered both as positive and neg¬ 
ative features when it comes to industrial implementa¬ 
tion. The positive side is that the production process 
can be optimized for the specific local conditions, 
depending on available raw materials, heat sinks for 
use of district heating, demand for biogas as vehicle 
fuel, and other existing facilities to integrate with. The 
ethanol production system can then be designed to 
optimize the overall energy efficiency and profitability 
for the entire system. The negative side is that the high 
complexity requires a huge amount of knowledge for 
development of the most optimal production systems, 
which is not yet available. 

To conclude, lignocellulosic ethanol has 
a promising role to play in the development of efficient 


and sustainable biofuel production systems in the 
future, but this requires improved knowledge and com¬ 
petence among all the different actors involved in this 
process. Furthermore, a more integrated work is 
needed between different research fields, such as pro¬ 
cess development and configuration and energy and 
environmental systems analysis (e.g., life cycle assess¬ 
ments) to optimize future production systems in 
a most efficient way regarding an economic, energy 
efficient and environmental sound perspective. 
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Glossary 

Alcohol Often used trivial name for ethanol, in chem¬ 
istry it describes the class of alcohols including also 
methanol, butanol, etc. 

Bioethanol Product of a fermentative process used 
mainly as a fuel from renewable substrates in com¬ 
parison to the use of fossil fuels. 

Ethanol Chemical name of an alcohol with the molec¬ 
ular formula CH 3 -CH 2 -OH and is the same 
chemical substance as bioethanol and has other 
synonyms like bioethanol, ethyl alcohol, pure alco¬ 
hol, or drinking alcohol. 

DDGS Animal feed called “distillers’ dried grain with 
solubles.” 

Fermentation Process step which produces ethanol 
and C0 2 as product. 

Liquefaction Enzymatic process step using amylases 
to cut the starch chains into oligosaccharides. 

Saccharification Enzymatic process step using beta- 
amylases and glucoamylases to cut oligosaccharides 
into fermentable sugars. 

Starch Starch is a very important part of the human 
food in sources like wheat, maize, rice, potatoes, 
and many other plants and is also a source of sugars 
for the fermentation. 

Thin stillage Liquid stream received from the 
decanter containing dissolved nutrients and salts. 

Yeast S accharomyces cerevisiae is the organism used in 
the ethanol production industry. 

Wet cake Solid-rich stream received from the 
decanter containing nutrients like proteins. 


Definition of the Subject and Its Importance 

Ethanol is a very interesting chemical compound which 
can be used in different applications such as drinking 
alcohol in beverages as well as in chemicals, pharma¬ 
ceuticals, and biofuels. Production of alcoholic bever¬ 
ages based on biomass containing sugar can be 
assumed as old as human civilization. The production 
of ethanol from starch using a fermentation process 
started most probably in beer-producing countries 
approximately in the twelfth century. The production 
of “pure” ethanol is also a very long known process. 
The development of more efficient distillation pro¬ 
cesses in the nineteenth century led to large increase 
in industrial trade of ethanol. The largest amount of the 
industrial ethanol was still used for alcoholic beverages. 
But also other applications like the use in the chemical 
industry, as lamp fuel and as a fuel have been exploited. 
The use of ethanol as a fuel started at the beginning of 
the twentieth century, the time the Ford Model T could 
run since 1908 on ethanol. With the fast development 
of the petroleum industry, the use of ethanol as a fuel 
was negligible till late twentieth century. Due to price 
increases of raw oil and also environmental concerns, 
ethanol showed a revival as a fuel based on renewable 
substrates like sugar and starch or even celluloses. For 
fuel applications, mainly the name bioethanol is used 
but the whole ethanol production chain including also 
the agricultural growth of the substrate has to be taken 
into account to prove that the produced ethanol really 
shows significant environmental benefits compared to 
fossil fuels. 

This entry concentrates on bioethanol from starch 
only. Biothanol from other substrates like sugar and 
lignocellulosic material will be discussed in the respec¬ 
tive entries. Bioethanol from starch reached 2009 
a share of about 60% of the total worldwide produc¬ 
tion. Starch as a substrate is mainly used in the USA 
and Europe. Since the worldwide need for transporta¬ 
tion fuels is steadily increasing, there is a need for 
a further increased production of sustainable produced 
biofuels like bioethanol. Since starchy substrates are 
also the basis for human nutrition and animal feeding, 
it is very important to balance the use of these very 
valuable materials. A large amount of the worldwide 
produced grain crops are used for animal feeding. 
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Using these grain crops for bioethanol production, 
about the same amount of animal feed is produced as 
a very important second product. This allows 
a combination of animal feed production with 
bioethanol production and is already installed in 
many bioethanol-producing plants worldwide which 
use grain crops as substrate. Taking this fact 
into account, it will be possible to increase the 
bioethanol production based on grain crops further 
to a certain extent keeping the whole system 
of bioethanol production combined with human 
nutrition and animal feeding into account. Further 
significant increase in bioethanol production will be 
achieved if combinations of starch and lignocellosic 
substrates or lignocellosic substrates only are fully 
economically developed. Details on lignocellosic sub¬ 
strates for bioethanol production can be found in the 
respective entries. 

Introduction 

Production of bioethanol from starch is, in addition to 
the production from sugar, also a very well-known 
process. The technology and process steps needed for 
starchy materials differ compared to sugar-containing 
substrates in the substrate treatment section of the 
bioethanol plant and in the stillage treatment processes 
(Fig. 1). After milling of the starchy substrates two 
enzymatic process steps, the liquefaction and the sac¬ 
charification, are needed to receive a fermentable sugar 
solution. The fermentation of this sugar stream can be 
done traditionally using yeast. The further downstream 
process steps are distillation and rectification of the 
liquid stream to increase the concentration of the 
bioethanol. The final product quality in terms of 
allowed water content in the bioethanol is reached 
normally by using an adsorption process. The stillage 
received from the distillation or beer column is further 
treated in a decanter to separate a wet cake stream and 
a thin stillage stream which can partly be recycled to 
mash preparation or concentrated in an evaporation 
process. After concentration, the thin stillage is mixed 
with the wet cake and together tried to produce an 
animal feed as a second product the so-called distillers’ 
dried grain with solubles (DDGS). 

Currently the world bioethanol production is based 
approximately to 40% of sugar crops and 60% of grain 
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Bioethanol from Starch. Figure 1 

Principle of dry-mill bioethanol process 


crops as feedstock. Sugar is mainly used as substrate in 
Brazil and other sugar-producing countries. Starch as 
main substrate for the bioethanol production is used in 
the USA and Europe and also in many other countries. 
In Europe, also sugar from sugar beet processing like 
molasses are used to some extend as co-substrate for 
bioethanol production depending on the price of the 
substrate. 


State of the Art of the Production 

Raw Materials Containing Starch 

Starch is a polysaccharide consisting of a large number 
of d- glucose molecules which are linked by glycosidic 
bonds. Green plants can produce D-glucose from car¬ 
bon dioxide (C0 2 ) from the atmosphere and water via 
photosynthesis using sunlight. D-glucose is used from 
the plant for growing. Access amount can be stored in 
the plant as starch in the form of granules. Within the 
stored polysaccharide glucose can be in the linear form 
via 1,4-alpha glycosidic bonds (amylose) as well as in 
the branched form via 1,6-alpha glycosidic bonds 
(amylopectin). In different plants, the starch content of 
amylose can vary between 20% and 25% and a respective 
content of amylopectin from 75% to 80% [1]. 
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Bioethanol from Starch. Table 1 Feedstock composition 


Component 

Maize 

Wheat 

Barley 

Rye 

Sorghum 

Potato 

Cassava chips 

Cassava roots 

Water 3 

12-15 

11-14 

11-14 

11-14 

11-14 

75 

11-14 

60-70 

Starch b 

65-72 

62-70 

52-64 

52-65 

72-75 

60-75 

65-82 

40-85 

Sugar b 

2.2 

— 

— 

— 

— 

0.3-5.5 

0.25 

0.75 

Protein 13 

9-12 

12-14 

10-11 

10-15 

11-12 

6-11 

2.3 

1.5-3.5 

Fat b 

4.5 

3 

2.5-3 

2-3 

3.6 

0.5-1.1 

0.8 

0.2-0.4 

Cell wall material 13 

9.6 

11.4 

14 

— 

— 

— 

— 

0.6-1 

Fiber 13 

— 

— 

— 

— 

— 

— 

4.6 

1.6-2.9 

Ash b 

1.5 

2 

2.3 

2 

1.7 

2.5-5.4 

2-5 

0.6-1.2 


Adapted from [2, 3] 
a % w/w (as-is basis) 
b % w/w (dry basis) 


Bioethanol from Starch. Table 2 Bioethanol and distillers' dried grain with solubles (DDGS) yield from various starchy 
feedstock 


Yield (kg/t) 

Maize 

Wheat 

Barley 

Rye 

Sorghum 

Potato 

Cassava chips 

Ethanol (kg/t) 

325 

299 

248 

269 

328 

93 

361 

Ethanol (l/t) 

411 

379 

314 

340 

415 

117 

457 

DDGS (kg/t) 

321 

429 

496 

457 

341 

Wet cake 

Wet cake 


Within the bioethanol process, mainly the 
amylopectin content of the starch is responsible for 
the strong increase of viscosity during the treatment 
which has to be taken into account in designing the 
process. 

For the bioethanol process, a broad variety of 
starch-containing plants are used. The choice of feed¬ 
stock varies a lot in different regions of the world. 
Within the US Corn Belt, maize (or corn) is the main 
feedstock. In Europe, Canada, and many other regions 
wheat, corn, and other cereals like barley, rye, and 
triticale (a hybrid of wheat and rye) are used for 
bioethanol production. 

Other interesting feedstocks are potatoes, cassava, 
and sorghum. Potatoes are grown in many countries. 
The main disadvantage is the high water content 
(Table 1) which results in high transportation costs 
and losses during storing. Cassava with alternative 
names yucca, tapioca, or manioc is a tropical plant 


developing starch-containing roots. As a fresh root, it 
has high water content. Therefore, long-term storage 
without drying is barely possible. But drying needs 
separate handling and treatment. In Table 1, the com¬ 
position of starchy feedstock is listed. 

The bioethanol-producing potential from the listed 
feedstock is given in Table 2 [3] . An average bioethanol 
yield has been assumed and also the DDGS product 
yield is listed. For potato and cassava chips, usually the 
wet cake is further used and not dried. 

From Table 2, it can be seen that the highest 
bioethanol yields from 1 t feedstock (as is basis) is 
achieved from cassava chips, sorghum, and maize 
followed by wheat. The yield of animal feed (DDGS) 
also varies with the substrate used. Substrates giving 
the lower ethanol yields give higher animal feed yields 
like barley, rye, wheat, sorghum followed by maize 
showing nearly the same yield for bioethanol and 
animal feed. 
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Processing of Starch-Containing Raw Materials 

To achieve the highest bioethanol amount from 
the feedstock used, it is important that the optimal 
conditions are adjusted for the yeast. Hence, it is 
necessary that sugar and minerals are available in an 
ideal concentration. Additionally, the temperature and 
pH need to be kept in the optimal range for the 
microorganism. 

In general, the design and mass balance of 
bioethanol plant based on corn and wheat is similar 
and both feedstocks can be used in the same plant if 
designed properly. Special attention need to be 
addressed to the fact that in wheat the content of 
nonstarch polysaccharides is higher than in corn. Espe¬ 
cially the pentosane and glucan are responsible for the 
increase of viscosity and fouling tendency in the pro¬ 
cess which leads to reduced heat transfer rates in the 
heat exchangers. To reduce or avoid problems in the 
process, special enzymes for reducing the chain length 
of these substances to make them soluble in the process 
stream need to be applied. Higher viscosity of the mash 
need to be controlled by solid concentration which 
might lead to lower ethanol concentration after the 
fermentation which results in a higher energy demand 
of the whole process. Also during processing of 
wheat the lower lipid concentration combined with 
higher raw protein content (approximately >13%) 
leads to an increased foaming tendency during 
fermentation which might need dosing of antifoaming 
agents [2]. In Fig. 2, a schematic layout of a dry- 
mill bioethanol process with DDGS production is 
shown. 

In the following entries, the different process steps 
are discussed in detail. 

Grinding Process The first step in the production of 
bioethanol from starch is the milling (grinding) of the 
feedstock. Two different processes are possible: the wet- 
mill or the dry-mill process. 

• In the past, wet-mill processes were often used since 
several valuable products like corn oil, gluten meal, 
various starch qualities, and feed products can be 
derived besides bioethanol which is not the main 
product during this process [4]. Wet-mill plants are 
more complex and need approximately 40% more 
investment than a comparable dry-mill plant 


because the whole by-product separation equip¬ 
ment must also be installed [5]. 

• The dry-mill process [6] is optimized for the pro¬ 
duction of bioethanol and animal feed called dis¬ 
tillers’ dried grains with solubles (DDGS). The dry- 
mill process needs less energy per ton of bioethanol 
produced. Nowadays, most bioethanol for the use 
of fuel is coming from a dry-mill process. For this 
process, the corn or grain is ground into coarse 
flour which is further processed (Fig. 2). 

In a standard dry-mill process, the grain is feed by 
gravity to the mill and grinded usually using a hammer 
mill. The particle size of the meal has an important 
influence on the enzyme effectiveness and also on 
the ethanol yield. The ground meal is mixed in the 
mashing tub with water (fresh or recycle streams) and 
alpha-amylase to prepare the mash as can be seen in 
Figs. 1 and 2. 

Liquefaction Process For the nearly complete use 
of starch in a technical bioethanol production, an 
enzymatic process step using amylases is obligatory. 
Therefore, two different groups of starch-degrading 
enzymes are needed. Alpha-amylases are responsible 
for the fast break down of the viscosity of the starch 
solution by cutting the starch chains into oligosaccha¬ 
rides consisting of seven to ten glucose molecules. 
This is the so-called liquefaction step. Already in 
the mixing step during the mash preparation, the 
liquefying enzymes (alpha-amylase) need to be 
added to avoid problems due to gelatinization of the 
starch granules. The resulting mixture is heated and 
held at this temperature for a certain time. The pH 
also has to be adjusted according to the needs of the 
enzymes used. 

The temperature ranges for the gelatinization of 
several cereals are well known (Ingeledew 2009). 
Depending on the type of cereal and the process strat¬ 
egy, the temperature can be held first below the gelati¬ 
nization temperature which is usually in the range of 
50-60° C for approximately 20 min and then heated up 
to the final liquefaction temperature which can be in 
the range of 80-85°C or even up to 105°C depending 
on the stability of the enzymes used. In another process 
strategy, the whole mash is heated up quickly to tem¬ 
peratures between 105°C and 120°C in a hydrotreater 
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Bioethanol from Starch. Figure 2 

Schematic layout of a dry-mill bioethanol process including distillers' dried grain with solubles (DDGS) production 


(jet cooker) unit. Here the temperature is held for 
approximately 5 min, then the whole mixture is fed to 
an atmospheric or vacuum flash vessel and from that 
to the liquefaction vessels where the enzymes are added. 
Within this process step, the temperature is held at 
around 80-90°C for about 30-60 min. The pH value 
can vary between 5.0 and 6.0 or 6.2 and 7.5 depending 
on the type of enzymes used [7]. 


If water is present during heating, the starch gran¬ 
ules are dissolved which allows the enzymes to break 
the starch chains fast into smaller parts. This allows 
avoiding a very strong increase of viscosity and 
a blocking of the used equipment. 

After this liquefaction procedure, the whole mix¬ 
ture is cooled and the saccharification step is 
performed prior the start of the fermentation. 
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Saccharification Process As described above in the 
liquefaction step, the alpha-amylase can only break the 
1,4-alpha glycosidic bonds of the starch. The second 
enzymatic process step is needed to break down the 
dextrins into single glucose molecules by beta-amylase 
and glucoamylase. The latter is an exoenzyme which 
attacks the oligomers in the solution from the chain 
ends. Glucoamylase can hydrolyze 1,4-alpha glycosidic 
bonds as well as 1,6-alpha glycosidic bonds. But 
the reaction rate is much slower. The result is 
a fermentable sugar solution containing glucose and 
maltose. The glucoamylase used in technical processes 
has a temperature optimum of 60° C and a pH opti¬ 
mum of 3.4-5.0. This means that this enzyme is stable 
under fermentation conditions. Due to this fact, it is 
possible to perform the saccharification in two ways. 

• The first option is a separate saccharification vessel 
where the optimal temperature of the enzyme of 
60°C can be adjusted and the fastest enzyme reac¬ 
tion rate can be achieved as it is shown in Fig. 1. 
This process strategy is also called separate hydro¬ 
lysis and fermentation (SHF). 

• The second option is that the saccharification step is 
combined with the fermentation to a simultaneous 
saccharification and fermentation (SSF) procedure. 
In this case, the temperature is around 33-34°C and 
the pH is approximately 5.0 resulting in an enzyme 
activity that is not as high as at the optimum. But 
since the yeast activity is the time-limiting step, the 
slow release of sugars is not limiting the process. 
This approach evermore shows the advantage that 
the optimal release speed of fermentable sugars 
keeps the yeast at the best performance rate, opti¬ 
mal temperature and pH assumed, since glucose 
itself is limiting the yeast at higher concentrations. 
This is the reason that in modern technical 
bioethanol plants the SSF approach is mainly used. 

Yeast Propagation Before the fermentation process 
itself takes place, it is necessary to produce the yeast 
needed. Very often the yeast is grown in the bioethanol 
plant itself in smaller yeast-growing fermenter to be 
provided for the ethanol production fermenter. Some 
yeast can be recycled after ethanol production 
depending on the substrates used. Additionally, the 
solid matter content is restricting the yeast recycling. 


Working with clear streams like during processing of 
sugar solutions, a high degree of yeast recycle is possible 
after treatment. With starch as feedstock, yeast 
recycling is restricted. 

The dominant yeast strain used in the ethanol pro¬ 
duction industry is Saccharomyces cerevisiae because it 
is a very robust organism which also shows a relative 
high inhibitor tolerance and a very good production 
capacity. Using this yeast, many plants in the 
USA produce ethanol in the range of 20% (v/v) on 
volume basis which is equal to 16.5% (w/w) on weight 
basis [8]. 

Yeast shows the ability that only cell growth can be 
achieved in an aerobic environment in the presence of 
sufficient oxygen. Nearly no ethanol production occurs 
in this situation. This can be used for reproduction and 
increasing the cell mass as needed. 

The commercial yeast production can start from 
active dry yeast supplied to ethanol production facility 
by specialized yeast-producing companies. Growing 
the yeast on site in a separate propagation vessel, it is 
possible to keep about 10% of concentrated yeast solu¬ 
tion to start the next yeast production cycle. To con¬ 
tinue this production cycle, it is very important that no 
bacterial infection occurs which has to be checked 
thoroughly. For the yeast propagation facility, sterile 
conditions are crucial. The same substrate as used for 
the ethanol production can be used for yeast propaga¬ 
tion. In this case, the produced yeast is already adapted 
to the substrate. Only a dilution be a factor of 2 is used 
to keep the sugar concentration low and this also 
restricts the production of ethanol during yeast growth. 
The temperature is kept several degrees lower than 
during the ethanol fermentation and the propagation 
vessel is aerated to a sufficient amount avoiding the 
buildup of excessive foam. 

The yeast propagation can be performed in 
a semicontinuous or in a continuous mode. The 
method chosen depends also on the performance 
mode of the ethanol fermentation itself. 

Fermentation Process As the starch content in the 
feedstock cannot be directly converted by yeast cells to 
bioethanol, it needs to be broken down as described 
above into usable sugars before fermentation. These 
sugars can be the glucose itself or the maltose or 
maltotriose which consist of two or three glucose 
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molecules. The different sugars which can be converted 
by the yeast S. cerevisiae are well known [2]. The 
resulting sugar solution is called mash. It can be used 
for fermentation which is started by adding the yeast 
inoculum. 

During the fermentation, one glucose molecule is 
converted to two molecules of ethanol and two mole¬ 
cules of carbon dioxide. This means that in the ideal 
case from 1 kg Glucose, 0.511 kg ethanol and 0.489 kg 
C0 2 are produced by yeast releasing 867 kj heat [7]. 
The fermentation itself can be done in batch or contin¬ 
uous mode. Both systems have advantages and 
disadvantages. 

• The batch fermentation mode is characterized by 
a discontinuous operation. First the fermentation 
vessel is cleaned and sterilized and then filled with 
the already liquefied mash after passing a heat 
exchanger to adjust it to the proper fermentation 
temperature below 35°C. Then the fermentation 
can be started by adding the already prepared 
yeast solution from the propagation vessel. The 
pH is adjusted to around 5.2 and kept constant by 
dosing a basic solution or allowed to decrease dur¬ 
ing the fermentation till a pH of 4.2. If the pH drops 
to a value lower than 4.0, most probably 
an infection with lactobacilli has occurred. During 
the fermentation period normally in the range of 
50-60 h, the temperature has to be kept below 35°C 
by applying continuous cooling of the fermentation 
vessel. After finishing the fermentation, the 
alcoholic mash is pumped to a storage tank (called 
beer well). Then the cycle can be started again with 
cleaning and sterilization. Due to this procedure of 
emptying, cleaning, sterilization, and again filling 
of the fermentation vessel the effective time is 
reduced by around 20%. This means only 80% of 
the reactor volume is active. Therefore, a bigger 
reactor volume is needed. But since the whole 
plant requires a low degree on control equipment, 
low investment costs are resulting [2]. But high 
yields in the range of 90-95% of the theoretical 
yield combined with high ethanol concentration 
can be achieved. The size of the fermentation vessels 
are in the range of 800-1,500 m . In Brazil in new 
plants, the volume of the fermentation vessels is 
increased up to 3,000 m [9]. 


• In the continuous fermentation mode, a constant 
stream of mash is fed to the first fermentation 
vessel. Depending on the feed volume stream and 
the vessel volume which is also in the range as 
mentioned above a certain resistance time of the 
mash combined with a defined specific dilution rate 
is applied. It is very important that the specific 
dilution rate is below the growth rate of the yeast 
to keep the microorganism in the fermentation 
vessel in the desired concentration range. Along 
the various fermentation vessels, the sugar is con¬ 
sumed by the yeast and ethanol and new yeast cells 
are produced during the fermentation. During this 
process the relevant parameters need to be mea¬ 
sured and controlled properly. Additionally, 
a defined dosage of air is necessary to achieve 
a high specific production rate of ethanol of around 
6 kg/m h. This is about more than three times 
higher as in batch systems with approximately 
2 kg/m h. However, in the last fermentation vessels 
the yeast is already under stress due to high ethanol 
concentration so that cell recycling or fresh yeast 
addition might be required. In this case productiv- 
ities of up to 30-50 kg/m h are possible [2]. The 
increased ethanol productivity of the continuous 
fermentation leads to a smaller fermentation vol¬ 
ume. And the continuous process needs less man¬ 
power. The ethanol yield is with 89-93% slightly 
lower than in batch fermentation. Further restric¬ 
tions are the rather uniform raw material quality 
needs. Continuous sterilization of the medium is 
needed to avoid contamination. Nevertheless, the 
risk of contamination is higher than in batch fer¬ 
mentation due to long time performance. 

In industry, both fermentation systems are in use 
for starch-based ethanol plants in Europe. For example, 
a continuous fermentation process is used in Zeitz in 
Germany and a batch fermentation process is 
implemented within a plant in Galicia in Spain. In 
Brazil, approximately 75% of all existing ethanol plants 
use the batch fermentation process. The main reasons 
for that are higher production stability and lower risk 
of contamination [9]. 

Distillation and Rectification The main target of the 
fermentation is to convert nearly all sugar into ethanol. 
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The next step within the overall process is the 
recovery of ethanol from the fermentation mixture 
(beer). This is done by applying a combination 
of distillation and rectification columns. 
A simplified scheme with the two columns can be 
seen in Fig. 2. 

To separate the ethanol from water the whole fer¬ 
mentation broth has to be heated up until the boiling 
point of this mixture is reached. The boiling point of 
pure water is 100°C compared to 78.33°C of pure 
ethanol [10]. The actual boiling point of the mixture 
depends on ethanol concentration [7] and comes closer 
to the ethanol boiling point with increasing ethanol 
concentration. 

The evaporation takes place according their vapor 
liquid equilibrium which leads to a higher concentra¬ 
tion of ethanol in the vapor. Unfortunately, the etha¬ 
nol-water mixture is not an ideal system and shows 
a so-called azeotrope with a minimum boiling temper¬ 
ature of 78.15°C. The azeotrope is a point where the 
concentration of the liquid phase is the same as the 
vapor phase. The ethanol water azeotrope is at around 
96.5% (v/v) according to 95.57% (w/w). This concen¬ 
tration is the limit for the rectification process. There¬ 
fore, an additional separation process for dehydration 


of ethanol is needed (see entry “Dehydration of 
Ethanol”). 

Depending on the ethanol concentration in the 
fermentation mixture which is in the range of 
12-20% (v/v) (corresponding to approximately 

10-16.5% [w/w]) it can be seen in Fig. 3 that the energy 
needed to concentrate ethanol to 94% (w/w) is around 
2-3 MJ/1. This energy demand is nearly constant for 
this concentration range. To reach these values, an 
optimization and energy integration of the whole 
downstream processes needs to be applied. 

It is very important, especially in the stripping sec¬ 
tion of the first column where the whole fermentation 
broth is feed in, that precautions are made to avoid the 
blocking of the column internals with the solid matter 
of the mixture. Therefore, very open tray constructions 
are used which can cope with this kind of mixtures. 
Concentration of the derived vapor phase in the recti¬ 
fying part of the following columns is like in any other 
ethanol processing plant and dominated by the vapor 
liquid behavior of the ethanol water mixture [7, 11]. 

Dehydration Around the globe, there is not a com¬ 
mon standard for the fuel ethanol quality. The allowed 
maximum of the water content is 0.2-1.0% (v/v) and 



Bioethanol from Starch. Figure 3 

Energy requirement for concentrating ethanol from fermentation broth concentration to a rectification column top 
product with 94% (w/w) 
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depends on the country in which the ethanol is sold 
[12]. For concentrating the ethanol from 94% (w/w) 
(nearly azeotropic mixture) to the required quality 
several options are possible. The first option is continu¬ 
ing with an azeoptropic rectification process which 
needs two additional columns and a third component 
added to the mixture to change the vapor liquid behav¬ 
ior [13-15]. Alternatively, an adsorption process 
can be applied [16, 17]. Also a membrane processes 
called pervaporation or vapor permeation can be used 
[18-20]. 

In Brazil, still many plants use an azeoptropic 
rectification process using monoethylene glycol for 
dehydration of ethanol. That technology has been 
developed more than 10 years ago especially for these 
plants in Brazil. Its advantages are lower investment 
costs and high robustness on the industrial scale [9]. 
In the USA and also in Europe, most of the ethanol 
plants apply the pressure swing adsorption process 
using molecular sieves for removing water from etha¬ 
nol to reach the necessary fuel grade. The molecular 
sieve is a special designed hydrophilic zeolite with 
a pore diameter of about 0.3-0.4 nm. This allows only 
water with a molecular size of 0.28 nm to enter and 
ethanol with a molecular size of 0.44 nm is not able to 
enter the zeolite. For the technical process, at least two 
vessels filled with the zeolite are needed. One vessel is 
used for adsorbing the water from the ethanol vapor 
stream at around 1.7 bar [21]. The adsorption pressure 
applied depends on the design of the distillation and 
rectification system in which the column pressure is 
increased from the distillation to the rectification sec¬ 
tion due the energy optimization reasons. So that on 
the top of the rectifier column a vapor stream is 
received with respective pressure. In the second vessel 
at the same time the zeolite is regenerated applying 
vacuum and a small purge stream of already purified 
ethanol vapor. This purge stream removes the adsorbed 
water and after regeneration the cycle starts again. The 
purge stream with the increased water content from 
this desorption process is feed back to the rectification 
column (Fig. 2). 

After the dehydration process, the ethanol stream is 
ready for use and stored in a tank. During the storage 
and handling one has to take care that due to the 
hygroscopic nature of the ethanol humidity is not 
allowed to come in contact with dehydrated ethanol. 


Processing of Stillage The remaining liquid stream 
from the distillation column (beer column) after etha¬ 
nol removal is called stillage. The maximum remaining 
ethanol concentration allowed is in the range of 0.02% 
(w/w). In some plants the untreated stillage is recycled 
up to around 25% to the liquefication vessel. 

The remaining stillage coming from the beer col¬ 
umn contains solids like the yeast cells and also 
dissolved matter like salts and other nutrients. Usually 
a solid liquid separation is applied using a centrifuge or 
a decanter. This treatment results in a thin stillage 
stream (with dissolved matter from the feedstock) 
and a wet cake (containing the solids with a dry matter 
of around 25-35%). Depending on the used feedstock, 
a high recycling rate of the thin stillage is possible. For 
example by using corn as feedstock, the possible 
recycling rate can be up to 75%. With wheat and 
triticale only 60% of recycling is possible [22]. 

The rest of the thin stillage is feed into a multistage 
evaporation system for further concentration. Using 
four or more integrated evaporation stages the steam 
requirement for evaporation can be reduced to 200 kg 
steam per ton of water evaporated. In the evaporation 
process a stream called syrup is produced. The evapo¬ 
ration condensate can be feed back to the mashing 
vessel to be used again and to reduce the fresh water 
consumption. 

In the next step, the syrup is mixed with the wet 
cake and feed to the drying system. Here DDGS is 
produced. The drying procedure is, due to high heat 
of evaporation of water, very energy intensive. The 
mixture of syrup and wet cake is very viscose and very 
sticky. Therefore, it is rather difficult to treat. In addi¬ 
tion, smell and dust emissions during processing have 
to be kept very low. As a drying technology, direct or 
indirect drying can be applied. The technical equip¬ 
ment is a rotary or drum dryer. For better handling the 
DDGS product is often pelletized (see [7, 23]). 

The derived DDGS product is a protein-rich animal 
feed with a crude protein content of around 30% or 
more [24]. In Table 2, the estimated amount of DDGS 
produced for different feedstock can be found. 
Depending on the original used biomass some differ¬ 
ences can be observed. In Table 3, an example is given 
for DDGS quality derived from ethanol fermentation 
with wheat and corn and a mixture of thereof as 
a feedstock [25]. 
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Bioethanol from Starch. Table 3 Chemical characteristics 
of DDGS (% w/w DM) derived from corn, wheat/corn 
mixture, and wheat [25] 


Value 

Corn 

Wheat/corn (4:1) 

Wheat 

Moisture 

11.8 

8.0 

8.1 

Crude protein 

30.3 

42.4 

44.5 

Nonprotein nitrogen 

5.4 

12.4 

10.2 

Crude fat 

12.8 

4.7 

2.9 

Ash 

4.8 

5.0 

5.3 

Acid detergent fiber 

14.6 

19.5 

21.1 

Neutral detergent 
fiber 

31.2 

30.6 

30.3 

Crude fiber 

7.0 

7.8 

7.6 


DDGS as a product contributes to the economy of 
the process but also increases the energy needed for the 
ethanol and DDGS production approximately by 
a factor of 2. The results are higher energy costs needed 
for the process. This also has an effect on the environ¬ 
mental situation of the ethanol production itself. 

Another possibility is to use DDGS as a source of 
energy within the ethanol plant. This could be of finan¬ 
cial benefit if the costs for energy and the earning for 
DDGS do not match. Therefore, in many countries 
such projects are evaluated [26]. DDGS as a fuel 
could provide more energy than the ethanol plant itself 
needs since the energy content is rather high. This 
means that still some of the DDGS could be sold as 
animal food. The major drawback is that the very high 
nitrogen content leads to a very high NO x concentra¬ 
tion in the flue gas when the DDGS is used as a solid 
fuel. Additionally due to the high sodium and potas¬ 
sium concentration, the ash shows a rather low melting 
point. Therefore, the use of DDGS as a solid fuel is a less 
promising option. 

Stillage can also be used as a feedstock for biogas 
plants [27] . The amount of stillage produced within an 
ethanol plant depends strongly on the size of the plant. 
Therefore, for large ethanol production facilities very 
huge biogas plants would be needed. Additionally, 
problems might occur concerning the direct usage of 
the digested residue in agriculture due to necessary 
transport or pumping cost. Further treatment using 


simple filtration or membrane filters would allow 
higher concentration and would lead to a reduced 
liquid volume for further handling. 

The stillage contains different amount of organic 
dry matter depending on the feedstock used for ethanol 
production. Therefore, the possible biogas production 
might vary significantly. For example, it is possible to 
produce from corn stillage 0.347 m N /kg oDM and 
0.380 m N 3 /kg oDM from the wheat stillage [28]. 
A general layout of an ethanol biogas concept can be 
seen in Fig. 4. 

The biogas produced can be used in many different 
ways. It is possible to use it directly in a gas-fired boiler 
for steam production to cover the energy requirement 
of the ethanol plant as well as for electricity production 
(if the biogas production facility is big enough). Or it 
can be used for electricity production in a biogas-fired 
engine within a CHP process. Such process combina¬ 
tions together with optimized process integration can 
lead to a significant decrease of the energy demand of 
ethanol production [29]. 

Actual Status 

A large-scale ethanol production has been realized 
within the USA for more than 30 years. The main 
source of feedstock used is grain. In Europe, the large- 
scale ethanol production as a fuel started in 2003, 
initiated by the European Parliament and the Council 
with posting the directive 2003/30/EC on the promo¬ 
tion of the use of biofuels or other renewable fuels for 
transport [30]. Since than many new ethanol plants 
have been built within EC-Countries to meet the 
requirements of replacing at least 5.75% of fossil fuel 
by biofuels based on the energy content by 2010. Single 
European countries enacted individual laws to follow 
the EC directive and in several countries even a tighter 
time schedule has been applied. For example, in Austria 
in 2004 a change in the existing fuel legislation [31] 
posted for October 1, 2005, a value of 2.5%, October 1, 
2007, a value of 4.3%, and already on October 1, 2008, 
a fulfillment of the EC legislation of 5.75% based on the 
energy content. 

The strong efforts of the USA and the EU in con¬ 
tributing significantly with biofuel to cover the energy 
demand within the transportation sector led to the 
situation that the USA passed Brazil as the worlds 
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Bioethanol from Starch. Figure 4 

Schematic layout of a dry-mill ethanol process including Biogas production 


largest annual ethanol producer in the year 2005 where 
both countries produced around 16 million cubic 
meters of ethanol. The world production in this year 
was 46 million cubic meters of ethanol. Since then the 
annual production capacities increased steadily world¬ 
wide to 74 million cubic meters ethanol in 2009 with 41 
and 25 million cubic meters ethanol in the USA and 
Brazil respectively [32]. 


Analyzing these figures it can be estimated that 
around the year 2000 the ethanol production was 
60% from biomass containing sugar and 40% from 
grain crops (i.e., starch). Between 2000 and 2009 the 
situation changed to a ratio of approximately 40% 
from sugar crops and 60% from grain crops. 

Following the trend of increasing production 
figures of ethanol, increasing amounts of starch 































































































































































































































































Bioethanol from Starch 


83 


crops are needed as a feedstock. The world production 
of grain crops in the period 2008/2009 was 2,231 mil¬ 
lion tons (without rice). This was around 5.2% above 
the production of the year before 2007/2008 and has 
been the world s best production year ever. The prog¬ 
noses for the year 2009/2010 are 2,196 million tons 
(without rice) which should be the second best pro¬ 
duction year ever. These record years in harvest are 
following after a deficit production in the year 2006/ 
2007 which was followed by a very steep increase of 
price for the grain crops. A worldwide reaction was to 
increase the land for grain crop production by 
16 million hectares [33]. 

In the year 2008/2009, the worldwide harvest of 
corn was 791.9 million tons and that of wheat 682.8 
million tons. In the European Community of 27 states 
(EC-27) the harvest of wheat was in the same year 315.2 
million tons. For ethanol production, 5.0% of the 
wheat was used in the EC-27 in this period. Within 
the USA at the same period approximately 12% of the 
world corn production has been converted into 
ethanol [33]. 

Future Directions 

After the rapid increase of large-quantity production 
of ethanol in a rather short time, it is important to 
continue on a settled basis to implement all experiences 
learned. This includes politics, environment, agricul¬ 
ture, and the ethanol process itself. The learning curve 
of the Brazilian and US ethanol industry over the last 
30 years made it possible to reduce the production costs 
by more than 60% [34, 35]. This fact shows how 
important continuous process improvement is. For 
example, in the Brazilian ethanol industry it was pos¬ 
sible to increase the fermentation yield from 75% to 
92% based on the theoretical maximum during this 
time [9] which of course contributes significantly to 
the economics of the overall process. Actual production 
costs are estimated approximately with $ 188/m in 
Brazil and $310/m 3 in the USA [35]. In Europe the 
estimated productions costs are around $500/m . 
Due the fact that Europe started large-scale ethanol 
production for the use as a fuel in 2003 [30] it can be 
expected that due to significant improvements the pro¬ 
duction costs of ethanol in Europe can be reduced in 
the future. 


Further developments are already initiated from the 
European directive 2009 [36]. This regulation demands 
that on January 1, 2017, a 50% GHG saving target and 
on January 1, 2018, a 60% GHG reduction target have 
to be meet. To reach these goals, the ethanol-producing 
industry is forced to improve the efficiency not only in 
the ethanol production process itself but also in the 
whole production chain to receive a better environ¬ 
mental performance. 

This will influence the developments in all areas 
linked to the bioethanol production in industry and 
research. The latter is urgently needed along the overall 
process chain to identify and exploit the given GHG 
reduction possibilities. On the agricultural side, crop 
developments are necessary to maximize starch pro¬ 
duction and lower pentosan and glucan concentration 
(responsible for high viscosity in the broth) with lowest 
environmental impact. Additionally, the existing sub¬ 
strate basis has to be extended. The use of various sugar, 
starch, and lignocellulosic material streams, or even 
mixtures will be needed to accomplish the given 
demands. 

For the ethanol process itself, the optimization of 
the enzymatic steps and the fermentation process with 
high solid content is needed to provide together with 
optimized ethanol-producing microorganism high 
ethanol concentration at the end [37]. One route for 
optimization of the fermentation could be the removal 
of the remaining rough grain after dextrinization dur¬ 
ing the dry corn milling process. This would lead to an 
approximate 11% volume reduction of the fermenta¬ 
tion vessels. Energy savings along the fermentation and 
distillation processes are the result since energy for 
cooling of the insoluble particles and heating in the 
distillation column is avoided. 

At the moment, most of the dry grind fuel ethanol 
plants using the SSF process. Wet milling technology 
leads to solid-free mashes, which makes the yeast sep¬ 
aration possible and water as well as yeast recycling can 
be done to a higher extent. The distillation will receive 
a solid-free stream which makes this step easier. 
The question is how the fermentation conditions 
(e.g., temperature, feeding of the carbon source) need 
to be set? This should be a mid-term program of fur¬ 
ther research activities because the question of the 
optimal balance between the fermentation time, the 
final alcohol concentration and yeast cell viability will 
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strongly influence the economic situation of ethanol 
plants in the future [9]. 

In the downstream part, the process intensification 
with the help of membrane processes needs to be inves¬ 
tigated. A first step in this direction is a large-scale 
pervaporation plant for ethanol dehydration from 
about 93% (w/w) to a quality of 99.5% (w/w) [20]. 
Further optimization would be possible if the inlet 
concentration of the energy-effective pervaporation 
plant could be reduced to 70% (w/w). This would 
result to a significant energy saving in the rectification 
column. An energy-saving potential of 30-50% could 
be achieved [38]. The next step of optimization would 
be the application of an alternative process combina¬ 
tion like stripping and membranes to perform ethanol 
separation from the fermentation broth itself. If 
a concentration of 70% (w/w) can be reached in the 
first process step this would close the gap between the 
second membrane separation steps for dehydration. 
This would avoid the energy-intensive distillation and 
rectification totally [39]. 

Furthermore, alternative usages for the stillage will 
be needed due to the large increase of worldwide DDGS 
production. This increase already significantly influ¬ 
ences the whole fodder market. Expected limits of 
DDGS demands would result in falling prices. Since 
the stillage contains proteins, betaine, lipids, and 
organic acids and within the yeast cell most nitrogen 
is fixed in vitamins it might be possible to recover 
products with high selective and cost-efficient separa¬ 
tion processes. The use of the stillage itself for the 
biogas production is from the environmental point of 
view a very interesting option. But it might be 
restricted to small- or middle-scale ethanol plants 
without effective separation process to increase the 
solid load of the biogas fermenter and to reduce the 
water demand significantly. This is also an important 
task for research. The suspected high nitrogen content 
in the liquid has to be taken into account. A main 
advantage of the biogas option is that the nitrogen is 
kept in the liquid phase, and is not lost as it is in DDGS 
incineration. This nitrogen can be used as a fertilizer in 
the agriculture which again improves the environmen¬ 
tal performance due to reduced need of mineral 
fertilizer. 

After all optimizations, a remaining demand of 
energy will be needed to drive all the processes along 


the ethanol production chain. For this energy needed, 
the optimal application of renewable energy will be 
important. 
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Glossary 

Biofuel Biofuel is one type of bioenergy. In general, 
this term is used for liquid biofuels. The most 
known liquid biofuels are biodiesel and bioethanol. 
Biofuel program In general, encompasses incentives 
to biofuels production and/or consumption 
through policies and regulatory frameworks. 
Biomass Biomass is anything that has lived from veg¬ 
etal or animal origin. The energy obtained from 
biomass (such as wood, straw, crops, etc.) to pro¬ 
duce a fuel is known as bioenergy. 

Energy balance Energy balance is the assessment of 
the energy content in a certain biofuel compared 
with the fossil fuel energy used to convert it. 
Replication Repetition of an experiment utilizing key 
features. Following the Brazilian experience with 
ethanol, other countries have possibility to convert 
sugar plants into ethanol distilleries. 

Sustainability Sustainability of biofuels production is 
related to environment protection, social welfare, 
and economic development. 

Sustainable development Sustainable development is 
the utilization of the resources aiming to achieve 
better living conditions without disturbing the 
future generations’ needs [ 1 ]. 


Tariff and non-tariff barriers Tariff barriers are duties 
imposed on tradable goods and services to be 
imported. Non-tariff barriers are a way to 
delimitate the trade by imposing conditions, 
quotas, and restrictions. Tariff and non-tariff bar¬ 
riers are barriers imposed mainly by developed 
countries against the import of products which 
may jeopardize local economy (or local farmers); 
they also occur in biofuels trade [2]. 

Definition and Importance of the Subject 

The Brazilian ethanol program (Proalcohol) is the 
oldest of such programs and started in 1975, producing 
ethanol from sugarcane. A similar program using corn 
was initiated around the year 2000. 

The 2009 world s ethanol production was 76 billion 
liters - of which 41 billion is in the United States (USA) 
and 26 billion comes from Brazil - equivalent to 34.8 
million tons of oil equivalent or 1.5% of total world oil 
consumption. The rest of it comes from different coun¬ 
tries, mainly Europe and China. Ethanol production is 
increasing in several regions of the world: Of the 24 
producing countries, there are 14 countries in Europe 
and 5 countries in Asia and Pacific area. 

Since transportation is almost entirely dependent 
on petroleum products, liquid biofuels represent an 
option to address this challenge in the transportation 
sector, where there is no other renewable energy com¬ 
mercially available. It should be emphasized that 14% 
of the world greenhouse gases emissions come from 
transportation sector. 

The main increased importance of biofuels is closely 
related to the current energy challenges, which are 
energy security, global warming, and the increasing 
energy needs of developing countries. This entry pre¬ 
sents an overview of the Brazilian experience, lessons 
learned, and current policies to guarantee the produc¬ 
tion of biofuels in a sustainable way, as well as, perspec¬ 
tives for replicating it in other developing countries. 

Introduction 

From a technical perspective, there is nothing new in the 
renewed interest in using biofuels in internal combus¬ 
tion engines. Late in the nineteenth century, Henry Ford 
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already used ethanol to drive automobiles and Rudolf 
Diesel used biodiesel from peanuts to drive trucks. 

In the beginning of the twentieth century, these 
fuels were replaced by gasoline and diesel oil distilled 
from petroleum due to their higher affordability and 
availability in the USA and a few other countries with 
easy access to oil, while biofuels, particularly ethanol 
(an alcoholic beverage), were expensive and produced 
in minor quantities when compared to the huge quan¬ 
tities needed for large vehicle fleets. 

In case of Brazil, since 1920, technical studies have 
been conducted in Brazil on ethanol-run vehicles, 
including racing cars. The reason for that was the 
good performance of ethanol used for fuel purposes, 
which made it a good alternative to imported gasoline. 
The first Brazilian policy supporting bioenergy was 
launched in 1931. The Brazilian Decree No. 19,717 
required that all imported gasoline had to be blended 
with 5% of bioethanol from sugarcane. Later on, in 
1938, this blend was extended to the gasoline produced 
in the country through the Law No. 737. The blend 
remained around 5.5% from 1935 to 1945 [3]. Over the 
years, the blend remained almost constant and slowly 
reached 7.5%. Such blend did not require any changes 
in the engines. 

By the early 1970s, Brazil imported most of gasoline 
and petroleum consumed in the country, at an annual 
cost of US$600 million. In 1973, with the first oil price 
shock, imports rose to more than US$4 billion annu¬ 
ally, contributing greatly to the deficit in hard currency 
and badly damaging the economy. 

This was indeed a turning point, where the ethanol 
was no longer deemed as a by-product of sugar. In 
November of 1975, The National Ethanol Program, 
which is known as Proalcohol, was established. This 
program was the Federal government reaction to the 
“oil shock” and was created by the Decree No. 76,593. 
The program also served to assist sugar sector that was 
facing problems due to the low sugar price in the 
international market [4]. The production targets were 
set for 3 billion liters of ethanol by 1980 and 10.7 billion 
liters in 1985. 

There were two distinct phases in the program. The 
first phase occurred from 1975 to 1979, emphasizing 
the production of anhydrous ethanol for gasoline 
blending as an additive to substitute MTBE (methyl 
tertiary-butyl ether), which is an ether added to 


gasoline to increase the octane by given oxygen to the 
combustion reaction. Once ethanol was added to 
gasoline, MTBE was eliminated as an additive. Ethanol 
has higher octane number than gasoline and performs 
the same role as MTBE without the presence of the 
toxic lead. 

Other support actions to increase the competitive¬ 
ness of ethanol were low interest loans for the construc¬ 
tion of distilleries, guaranteed purchase of ethanol by 
the state-owned petroleum company (Petrobras), and 
subsidies. In this phase, gasoline was blended with 20% 
of ethanol and it was adopted a fixed price system, 
where 44 1 of ethanol corresponded to 60 kg of sugar. 

The time frame of the second phase spanned from 
1980 to 1985, when the focus was on the production of 
hydrous ethanol for engines designed to run this fuel. 
The supply side was stimulated by diminishing the 
parity of 60 kg of sugar to 38 1, and for the demand 
side, there were incentives among others over the fuel 
price and taxes reduction [5]. 

The background of the technological development 
of engines to run pure ethanol started in 1975 when the 
Federal Government learned about the research done 
by the Air Force Technological Center in Sao Jose dos 
Campos, Sao Paulo to develop ethanol-fueled cars 
using hydrated ethanol in a proportion of 95.5% pure 
ethanol to 4.5% water. Important changes in the engine 
were necessary in order to use that fuel. 

One of those changes was the compression ratio 
that is 12:1 for ethanol fuel from sugarcane, while 
regular gasoline requires compression ratio of 8:1. 
Higher compression ratio signifies higher efficiency, 
which is partly compensated by the lower energy con¬ 
tent in the ethanol. For the sake of the clarity, energy 
equivalence between the two fuels takes into account 
the final energy service provided. In this way, 199 1 of 
pure (anhydrous) ethanol can replace one barrel of 
gasoline (159 1). The necessary changes in the engines 
to run ethanol meant a drastic change in automobile 
manufacturing, but under governmental pressure, local 
automobile manufacturers adjusted to that. 

Sugar producers welcomed these changes that let 
them divert more sugarcane to ethanol production, 
and faced better oscillations in sugar prices in the 
international market. Another enthusiastic support 
came from nationalistic elements in the government, 
who saw ethanol as an instrument of national 
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independence. One of the consequences was that driv¬ 
ing Brazilian car with engine designed to run ethanol in 
neighboring countries (even some States of Brazil) was 
a problem because they did not have filling stations 
selling hydrated ethanol. The production of cars with 
pure ethanol engines began in 1978 with the participa¬ 
tion of manufactures such as General Motors (Opel), 
Ford, Volkswagen and Fiat. Between 1979 and 1985, 
they accounted for 85% of all new car sales [6]. 

Over the same period, the percentage of ethanol in 
gasoline reached approximately 20%. The evolution of 
Brazilian ethanol production since beginning of the 
Proalcool is illustrated in the Fig. 1. 

Therefore, two types of automotive vehicles were 
present in the country: some running on gasoline, 
using a blend of up to 20% anhydrous ethanol and 
80% gasoline, and others running entirely on hydrated 
ethanol. Nevertheless, it is important to mention that 
the targets were achieved through mandatory regula¬ 
tions, subsidies, and due to the unique characteristics 
of the country at that time, since Brazil was under an 
authoritarian government from 1964 to 1985. 


In 1985, the scenario changed dramatically, as 
petroleum prices fell and sugar prices recovered on 
the international market. Subsidies were reduced and 
ethanol production could not keep up with demand. 
Therefore, by 1990, sales of cars running on pure 
ethanol dropped to 11.4% of the total [8]. 

The production of ethanol leveled off, but the total 
amount being used remained more or less the same 
because the decrease of hydrous ethanol cars was com¬ 
pensated by the increase on gasoline blending to 25% 
(Fig. 1). From 2003 onward, with the advent of flex fuel 
engines, ethanol consumption started to rise again. 
Since 2003, Brazilian automotive industry has intro¬ 
duced the so-called flex fuel vehicle, which means 
a vehicle running with any ethanol gasoline blend, 
from E-0 up to E-100. It must be noted that the Bra¬ 
zilian flex fuel vehicles are different from those pro¬ 
duced in other countries (like USA), which can run 
with a maximum of 85% ethanol (E-85) only. 

These cars are built to use pure ethanol with a high 
compression ratio (approximately 12:1); however, they 
can also run with any proportion of ethanol and 
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Evolution of ethanol production in Brazil [7] 
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gasoline, from zero to 100%. The increasing in the 
productivity of ethanol was reflected in costs (Fig. 2). 

In 1980, ethanol cost roughly three times as much 
as gasoline in the international market (Fig. 2). And, 
since 2003, ethanol became fully competitive with gas¬ 
oline without any subsidies. It is important to empha¬ 
size that this achievement is result of over 30 years of 
experience with technological gains, economies of 
scale, and political effort from policy makers and 
other stakeholders. 

The expansion of ethanol production had impor¬ 
tant repercussions in the ownership and management 
of the sector, which in Brazil is entirely in the hands of 
private groups. Although Petrobras, the state-owned 
Brazilian oil company, is beginning to invest in this 
area, it is still a very small player [10]. 

Traditionally, sugar-producing units were family- 
owned enterprises such as Costa Pinho, Sao Martinho, 
and Santa Elisa, but new ones are owned by Brazilian 
companies including Votorantim, Vale, and Odebrecht. 
Also there are foreign companies entering the sugar¬ 
cane business, including French (Tereos, Louis Drey¬ 
fus), Spanish (Abengoa), British (BP) and Japanese 
(Mitsui, Marubeni) groups, among others. 


The financial sector is also quite active in this 
area, including Merrill Lynch, Soros, and Goldman 
Sachs. The presence of foreign investors has given 
the sector a new dynamism and new concepts of 
management. 

Ethanol from Sugarcane 

Sugarcane 

Brazilian ethanol is produced from sugarcane 
(Saccarum officinarum ), which is not an indigenous 
plant from Brazil. 

In 1532, sugarcane was brought to Brazil by the 
Portuguese during the colonization period. This plant 
is a type of grass that has fibrous stalks containing high 
concentration of sugar. In order to achieve a good 
development, sugarcane needs distinct climate seasons. 
One phase is dedicated to germination, in which ade¬ 
quate rainfall and higher temperatures are necessary. 
During the phase for sucrose accumulation, it can be 
colder and dryer. The cultivation requires a minimum 
rainfall of 1,200-1,300 mm a year, in order to avoid 
irrigation, and the ideal temperature ranges from 20° C 
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Brazilian ethanol learning curve [9] 
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to 24° C because this plant is not resistant to cold 
weather [10]. 

Brazil is a tropical country, and many of its regions 
have favorable climate characteristics for sugarcane 
cultivation without irrigation. Sugarcane is a 
semi-perennial crop, that is, after the planting 
phase, sugarcane can be harvested six to seven 
times without replanting; however, it is recommended 
one season of rotation with a different crop to rest 
the soil. This practice is common throughout the 
country. 

Thus, in each harvesting season, 20% of the crop is 
replaced with crops that help to recover the soil such as 
beans, corn, or peanuts. The harvesting season follows 
the rainfall pattern of every region. As such, in the 
Center-South production region, it starts in April and 
finishes in December and in the North-East region, it 
spans from August to April. Depending on industrial 
process, sugarcane is transformed either in sugar or 
ethanol. 

Sugarcane is the feedstock for alcohol (ethanol fuel, 
pharmacy or beverage), sugar, and electricity from 
bagasse as well. Vinasse (stillage), bagasse, filter cake, 
tops, and leaves (trash) are by-products from sugarcane 
that are also utilized in modern practices. 

Bagasse (30% of the cane, 50% wet) is the 
remaining fibrous part of sugarcane after the crushing. 
It is rich in cellulose and contains more energy (560 
Mcal/t of sugarcane) than ethanol itself (392 Mcal/t of 
sugarcane) [11]. This by-product is burned in boilers, 
providing heat and electricity. 

Vinasse is generated from distillation. It consists of 
a liquid rich in organic matter and nutrients, such as 
potassium and calcium, but it is also a pollutant if not 
well managed. Vinasse production is around 10 1 per 
liter of ethanol, but new technologies like vinasse con¬ 
centration allows the reduction on the production of 
vinasse until 5 1 for 1 1 of ethanol (Magazoni LA, 
personal communication, magazoni@cerradinho.com. 
br). The use of vinasse in fertirrigation practice reduces 
the need for fertilizers and gives a no pollutant desti¬ 
nation to this by-product. It must be noted that in the 
State of Sao Paulo, the use of vinasse for fertirrigation is 
controlled by the Environment Agency (CETESB) 
aiming to avoid contamination of underground 
water. This requirement will be probably followed by 
other States in Brazil. 


Filter cake is also a by-product from juice filtration. 
It consists of rests of bagasse and sugar clarifier sludge, 
eliminating by 50% the need for phosphorus mineral 
fertilization. The production proportion for each ton 
of sugarcane milled varies from 30 to 40 kg of filter cake 
[11]. Tops and leaves (trash) represent 30% of the 
sugarcane. In many cases, they are the leftover of the 
harvesting and also left on the soil as preventive 
method avoiding erosion and nutrient depletion or 
utilized as cogeneration fuel. 

From Field to Motor 

Ethanol or ethyl alcohol is an organic compound that 
belongs to the first generation of biofuels (Box 1). 
Typically, ethanol is obtained through biological con¬ 
version involving fermentation process, which converts 
sugar into alcohol. 

After the harvesting, sugarcane must be transported 
and processed in maximum of 72 h in order to avoid 
quality losses due to bacterial activity [12]. 


Box 1: Definitions of First- and Second-Generation 
Biofuels 


First-Generation Biofuels The common forms of 
first-generation biofuels are those on the market in 
considerable quantities today. Typical first- 
generation biofuel is sugarcane ethanol, starch- or 
corn-based ethanol, biodiesel, biogas, and pure 
straight vegetable oil. The feedstock for producing 
first-generation biofuels are crops that produce 
sugars, starches, oils, or animal fats, most of them 
being food and feed, as well. It also can be obtained 
from residues. Other niche of biofuel is biogas, 
which results from an anaerobic treatment of 
manure, urban residues, and other biomass mate¬ 
rials. Relatively small volumes of bio gas are 
currently used for transportation. Today, the first- 
generation biofuels commercially produced is about 
76 billion liters annually. 

Second-Generation Biofuels Second-generation 
biofuels are those biofuels produced from cellulose, 
hemicellulose, or lignin. Examples of second- 
generation biofuels are cellulosic ethanol, Bio-SNG, 
and Fischer-Tropsch fuels. The latest technology 
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synthesizes fuel from gases produced from the 
gasification of biomass. Both, first and second 
generation of biofuels can be blended with petro¬ 
leum-based fuels, combusted in regular internal 
combustion engines, distributed through existing 
infrastructure. In addition, second generation may 
also be utilized in slightly adapted vehicles with 
internal combustion engines like vehicles designed 
to run Di-Methyl Ether (DME). According to 
Petrobras [17], the first bioethanol pilot plant has 
started activities utilizing enzymatic technology to 
convert waste into biofuels. Even though the sec¬ 
ond-generation biofuels are meant to be more sus¬ 
tainable, this technology needs technological 
breakthrough to reduce the production costs. 
Besides, second-generation biofuels are still in the 
development stage and production cost seems to be 
higher compared to first-generation ones. 

Source: Reference [18]. 

In the distillery, the grinding breaks the sugarcane 
fibers. Subsequently, acids or enzymes are added in 
order to precede the hydrolysis and obtain glucose. 
The glucose is then fermented to produce ethanol by 
the action of adequate yeasts. 

Two important chemical characteristics of ethanol 
that should be emphasized are the boiling point 
(78.5°C) and the miscibility with water and organic 
components. There are two types of ethanol: The 


anhydrous form is used to blend gasoline and the 
hydrated one is used as fuel in engines specially 
designed for this type of fuel or flex fuel motor. The 
difference between the two types is the water content in 
the anhydrous and hydrated, which is 0.5% and 5%, 
respectively. Pure gasoline is called “gasoline A” and the 
gasoline blended with ethanol is “gasoline C” (gaso- 
hol). The percentage of ethanol blend in the “gasoline 
C” might range from 20% to 25%, according to the 
current legislation being regulated by The National 
Petroleum Agency (ANP). Among the ANP functions, 
supervision and control of the biofuel market is 
included. 

Energy balance can be defined as the ratio of total 
fossil fuel energy required for the biofuel production 
process to the energy contained in the biofuel produced 
[13]. Energy balance of biofuel produced from 
a feedstock might be an indicator of the sustainability 
when taking into account greenhouse gas emissions 
avoided in a life cycle basis. A study on sugarcane 
ethanol energy balance shows significant differences 
between feedstock, where the energy balance of the 
ethanol produced from sugarcane is 8.9, from sugar 
beet 2, and from corn 1.3 (Fig. 3) [14]. The sugarcane 
ethanol presents less GHG emission compared to fossil 
fuels due to the nearly closed carbon cycle. In respect of 
land use, feedstocks with higher yields per hectare 
require less quantity of land. 

The good performance of the ethanol produced 
from sugarcane is due to the use of sugarcane bagasse 
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Energy balance from ethanol production from different feedstocks [14-16] 
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that provides the energy needs for the process, elimi¬ 
nating external sources of energy. Bagasse is the most 
important by-product from sugarcane, and it is burned 
in the boiler producing both mechanical and electrical 
energy (i.e., cogeneration, see Sect. “Cogeneration in 
Sugarcane Mills”). 

Another by-product that is increasingly growing in 
importance for energy generation to the process is the 
sugarcane leaves. This is happening due to the progres¬ 
sive decrease of the burning practice of sugarcane 
before harvesting and the progressive introduction of 
green cane harvesting. 

Country Profile 

Brazil is a large country and since the Proalcool pro¬ 
gram, it has always been an important player for 
ethanol production in the world. In order to give an 
idea of this country profile, the main social, demo¬ 
graphic, and economic indicators are summarized in 
the Box 2, as well as, relevant information regarding 
production and use of ethanol. 


Box 2: Brazil in Figures 


The Federal Republic of Brazil has a continental size, 
8,514,876 km 2 . In 2008, the total population was 
194,228 million inhabitants [19], and in 2007, the pop¬ 
ulation growth was 1.2% [20]. Regarding economy, the 
Gross Domestic Product (GDP) corresponded to 2.4% of 
the world's GDP [20]; with 10% participation of agricul¬ 
tural sector [21]. Regarding the wealth distribution, in 
2008, the Gini index was 57 [22]. The Human Develop¬ 
ment Index (HDI), which is a more complete index 
encompassing educational level, longevity, and income 
dimension, was 0.807. Yet, concerning HDI, in 2008, the 
country was positioned at the 70th place [23] in the 
world. Brazil is the second largest producer of ethanol in 
the world with 26 billion liters in 2009 [24]. This amount 
accounted for 37% of the world's production. This 
country is the world's largest sugar producer, with 
622 million tons (metric tons) in the 2008/09 harvesting 
season [25]. In Brazil, the mills can be either a sugar 
plant or alcohol distillery or sugar mill and alcohol 
distillery. Most of the 414 existing Brazilian mills (60%) 


are alcohol distilleries attached to a sugar plant. In the 
period of 2008/2009, 35 new distilleries were to start 
production and another 43 were in different stages of 
development. In order to process quickly the feedstock, 
the sugarcane distilleries need to be close to the sugar¬ 
cane plantation. The Center-South region responds for 
nearly 80% of ethanol production in the country. There 
is a high concentration of distilleries in the Center- 
South production region, but with no pressure against 
the Amazon or other important biomes in the country. 
Today Brazilians are driving about 24 million automo¬ 
biles. In 2000, there were 2.8 million pure ethanol 
engine cars. Most of the pure ethanol cars have been 
retired while seven million of flex fuel cars are on the 
road and their numbers are increasing rapidly [26]. 
The huge success of these flex fuel vehicles is due to 
the freedom of choice for the consumers, depending on 
the price of each fuel at the gas station. 


Sustainability Aspects of Sugarcane Ethanol 

What are the issues regarding environmental, eco¬ 
nomic, and social aspects of the sustainability? Several 
studies [36, 65, 79] explored these issues deeply in 
recent papers summarized in this section. 

Environmental zoning is a crucial tool to guarantee 
the sustainable production of sugarcane ethanol. There 
are such zonings in Sao Paulo State [27], in Minas 
Gerais State, and from the Federal Government. 
A recent environmental zoning for sugarcane 
(2009) from the Federal Government defined areas 
available for the crops and protecting biodiversity of 
important biomes named “Sugarcane agroecological 
zoning” a jointly effort from the Ministry of 
Agriculture and the Ministry of Environment. 
Besides that, there are studies [28] indicating that 
there is no scientific evidence that sugarcane crops 
present pressure on Amazon (Indirect hand Use 
Change - IFUC). 

Environmental Aspects 

In the beginning of the program, economic and strate¬ 
gic factors were crucial in reducing Brazil’s dependence 
on oil, but later on, environmental preservation 
became also a key issue. 
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Ethanol engines present lower emissions than gaso¬ 
line ones, such as no sulfur oxides or particulates, which 
are the primary cause of poor air quality in large cities 
like Beijing, Mexico City, Sao Paulo, and Los Angeles. 
In Sao Paulo, the air quality has improved remarkably 
since gasoline was partially replaced by ethanol. Nowa¬ 
days, it represents more than 50% of the fuel powering 
vehicles. 

Acknowledging that the main contributor to 
global climate changing is C0 2 from fossil fuel energy, 
ethanol has lower C0 2 emissions than gasoline because 
of the lower amount of C0 2 from fossil fuel energy 
produced over the ethanol life cycle. An important 
result was the approval from United States Environ¬ 
mental Protection Agency (EPA) [29] of the use of 
sugarcane ethanol, accepting that overall carbon 
balance is highly positive [28]. 

Besides, many environmental problems associated 
with oil production (spills), transportation (leakages), 
and consumption (emission of greenhouse gases (C0 2 , 
CH 4 , N 2 0), SO x , NO x , H 2 0 vapor and acid gases like 
HC1) are not present when using ethanol. 

Therefore, below a brief overview of environmental 
impacts is presented, together with existing legislation 
to control them. 

Water in Sugarcane Ethanol Production One of the 

most important issues related to water pollution in 
sugarcane industry was the adequate disposal of 
vinasse. Vinasse is a black liquid derived from distilla¬ 
tion and fermentation, as already mentioned; this 
by-product is rich in organic matter with an acidic 
pH [4, 5]. It is a potential pollutant to water and can 
therefore not be discharged directly on rivers. 

In the beginning of the program, there was no 
control on vinasse disposal from the mills and, in 
most cases, it was disposed in rivers, being responsible 
for high pollutant impacts. The solution to dispose this 
by-product was found, and it started to be recycled and 
used for fertirrigation. For some time, it was used for 
fertirrigation without any control. Therefore, the 
impacts related to the contamination of underground 
waters became important. 

In 2006, in Sao Paulo State, the Environmental 
Agency (CETESB) started to control the amount of 
vinasse disposed on soils, aiming to avoid the contam¬ 
ination of underground water [30]. Nowadays, other 


states are also introducing the same control for the 
licensing of the mills. 

Also there are now some initiatives aiming to 
reduce the amount of vinasse produced using systems 
for concentrating it (Magazoni LA, personal commu¬ 
nication). By introducing such systems, the amount of 
vinasse produced decreased to 5 1 per liter of ethanol 
produced. 

Additionally, local environmental agencies all over 
the country are controlling the maintenance of riparian 
forests nearby sugarcane crops and requiring the refor¬ 
estation of such areas with native forests, according the 
Federal Forest Code. In fact, it must be noted that this 
Code only states that it is forbidden to jeopardize the 
growing (or re-growing) of riparian forests. However, 
environmental agencies are requiring more than that: 
They consider mandatory the conservation (and/or 
reforestation) of these riparian forest of the planta¬ 
tions. This is an important issue, since it protects the 
quality of water in rivers. 

Water is used in two ways in producing sugarcane 
and ethanol. Firstly, large quantities of water are 
needed to grow the cane. The cane requires significant 
rainfall, in the range of 1,500-2,500 mm a year, ideally 
spread uniformly across the growing cycle. Most of the 
sugarcane production in Brazil relies on rainfall, rather 
than irrigation, including nearly the entire Sao Paulo 
State sugarcane-producing region. Secondly, also large 
amounts of water are also used to convert sugarcane 
into ethanol. In 1997, this amount was calculated as 
cubic meters per ton of cane, from which 87% was used 
in four processes inside the plant. 

In general lines, there is one process for sugarcane 
washing and three other industrial processes for etha¬ 
nol production. Water consumption has substantially 
decreased in recent years. Furthermore, sugarcane is 
70% water, which should provide enough for all the 
steps needed in ethanol production. There are distill¬ 
eries being developed to be self-sufficient regarding 
water consumption. Also, nowadays the dry cleaning 
of sugarcane is being introduced in several mills, reduc¬ 
ing the water consumption in the process (Magazoni 
LA, personal communication). 

Land Availability Concerns related to the conserva¬ 
tion of native forests and other important biomes are 
always presented and some studies even consider that 
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any bioenergy crop comes from deforestation [31-33]. 
Notwithstanding, these studies only consider the worst 
case, which is not currently occurring, since biofuel 
production is not expanding into pristine tropical 
forests. If that did happen, of course, it would release 
a large amount of C0 2 , but extensive studies have 
been conducted on the C0 2 releases resulting from 
other agricultural practices that do not involve 
deforestation, and the results are much less 
alarming [34]. Nevertheless, other studies [35] 
show that this is not adequate and bioenergy crops 
are being expanded in pasturelands without any 
deforestation. 

In 2007, the land availability for agriculture in 
Brazil was 355 million hectares, from which 21% had 
already been used for agricultural purposes and the 
area occupied by sugarcane ethanol accounted only 
for 1.5% [7]. 

Moreover, there were 30% available land and 49% 
was occupied by pastureland. In this land, there is the 
possibility of expansion of agricultural crops, like has 
already occurred in the state of Sao Paulo through the 
replacement of pastures, which have become more 
intensive [36]. 

In 2001, in the State of Sao Paulo, the average 
number of heads of cattle per hectare was 1.28. As of 
2008, it has been increased to 1.56 because of the 
expanding sugarcane plantations pressuring cattle 
grazing. In the country as a whole, the density is even 
lower, at closer to one head per hectare [37]. 

The Brazilian sugarcane crops expansion is concen¬ 
trated in the Center-South production region that does 
not encompass important biomes like Amazon Rain 
Forest, the Atlantic Forest, and the Pantanal [38]. The 
deforestation in the Amazon basin is linked closely with 
the raising of cattle for meat, for both domestic con¬ 
sumption and export; it is not linked with ethanol 
production. Today, Brazil has approximately 200 
million heads of cattle on 237 million hectares [39]. 
In fact, if this cattle could grow in a more intensive way, 
reaching 1.5 heads for hectare (which is not yet an 
intensive growth), the country could have around 
60 million hectares available. 

In addition, recent studies [28] have analyzed Indi¬ 
rect Land Use Changes (ILUC), showing that there is 
no concrete evidence that sugarcane expansion is pro¬ 
ducing deforestation. 


Soil Quality Sugarcane culture has become more sus¬ 
tainable over the years as some practices have been 
introduced insuring the appropriate use of fertilizers 
and soil protection against erosion, soil compaction, 
and moisture loss. In Brazil, some soils have been pro¬ 
ducing sugarcane for more than 200 years, with no yield 
reduction. In fact, agricultural production has 
increased significantly. Sugarcane culture in Brazil is 
well known for its relatively small loss of soil to erosion, 
especially when compared to soybeans and corn. 

Nowadays, with the introduction of the green 
harvesting of sugarcane, a significant discussion is on 
the way, related to the amount of residues that should 
be left in the field to protect the soil. Studies show the 
importance of the sugarcane residues left in the soil, 
since they protect the soil and allow the infiltration of 
water in the soil and reduce erosion, among other 
benefits. 

Agrochemicals Many inorganic compounds are 
introduced during the production of ethanol, includ¬ 
ing chemicals that kill weeds, insects, mites, and fungi, 
along with defoliants and other chemicals that help the 
cane to mature more quickly. Concerning agrochemi¬ 
cals, fewer agrochemicals are used in sugarcane pro¬ 
duction than for some other crops. The pesticide 
consumption per hectare for sugarcane is lower than 
for citrus, corn, coffee, and soybeans. Nevertheless, 
sugarcane requires more herbicides per hectare than 
coffee. 

Furthermore, comparing Brazils major crops 
(those grown on areas larger than one million hect¬ 
ares), sugarcane uses smaller amounts of fertilizer than 
cotton, coffee, and oranges, and about the same 
amount as soybeans. Sugarcane also uses less fertilizer 
than sugarcane crops in other countries, for instance, 
compared to Australian sugarcane growers that use 
48% more fertilizer than Brazilian ones [14]. 

One practice that helps here is using the vinasse as 
a fertilizer. This has led to a significant increase in 
productivity and in the potassium content of the soil 
[40]. Genetic research, especially the selection of resis¬ 
tant varieties, has made it possible to reduce the dis¬ 
eases affecting sugarcane, such as the mosaic virus, 
sugarcane smut and rust, and the sugarcane yellow 
leaf virus. With genetic modifications, plants are more 
resistant to herbicides, fungus, and the sugarcane 
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beetle; some of these modifications are now being field 
tested. 

Air Pollution Besides the advantages of sugarcane 
ethanol replacing gasoline in engines, with most of 
pollutant emissions being reduced, also emissions in 
sugarcane ethanol production must be addressed. In 
this area, there are two issues to be considered. Atmo¬ 
spheric emissions from sugarcane burning before 
harvesting and those from bagasse burned in boilers 
for cogeneration. 

The sugarcane burning before harvesting practice 
was introduced in Brazilian sugarcane fields after the 
1950s, aiming at higher productivity of the sugar cutter 
workers [40]. This practice eliminates the leaves of the 
sugar cane cleaning the way to proceed with the manual 
or mechanic harvesting. By doing this, up to 90% of 
undesirable vegetal matter can be removed from the 
harvesting feedstock [40] . Another reason for the burn¬ 
ing is to avoid accidents with poisonous snakes and 
spiders. 

However, there are serious drawbacks such as dam¬ 
aging the tissue of sugarcane and disturbing the soil 
structure enhancing the possibility of soil erosion [41 ]. 
Besides, there is an increase of pollutants such as par¬ 
ticulate matter, carbon monoxide, and methane; locally 
it can increase the troposphere ozone concentration. 
Yet, there are several implications to the industrial 


phase like difficulties in the purification, need for faster 
utilization of the feedstock due to the shorter period for 
exteriorization [40]. 

It is important to emphasize that elimination of the 
burning practice raises the energy balance of the sug¬ 
arcane, which means more energy is produced. Even 
though the burning is a controlled fire in a delimitated 
area with maximum duration of 10 min [12], it might 
represent risks to the grid cables, roads, and highway. 
On one hand, harvesting manually the green cane is 
possible, but the celluloid leaves can hurt if no protec¬ 
tion equipment is used. On the other hand, sugarcane 
burning enhances the level of organic compounds, 
particulate matter, and methane. 

Recently, environmental legislation enforces the 
phasing out of sugarcane burning in the State of Sao 
Paulo (State Law 11.241; see Fig. 4). Further on, the so- 
called Green Protocol was signed. This protocol is 
a voluntarily one, signed between the Government of 
Sao Paulo State, through its Environmental Secretariat 
and its Secretariat for the Agriculture, together with the 
Sugarcane Agroindustrial Sector of Sao Paulo State, 
reducing the timetable for the elimination of the burn¬ 
ing process. The Green Protocol anticipated the time¬ 
table for elimination of sugarcane burning in the state 
from 2021 to 2014, as well as, increased the percentage 
of green cane harvesting from 50% to 70% in 2010, for 
soils with slope until 12%. In the case of slopes that are 
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Evolution of mechanical harvesting in the state of Sao Paulo. (Law 11, 241/2002) [42] 
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higher than 12%, the elimination of sugarcane burning 
was anticipated from 2031 to 2017 and it also intends to 
increase the harvesting of green cane from 10% to 30% 
in 2010. In many other states, the local environmental 
agencies are also requiring the harvesting of green cane 
as one of the exigencies for the environmental licensing. 

Therefore, in the State of Sao Paulo, in the crop 
season of 2008/09, 49% of the cane was harvested 
mechanically [42] (Fig. 4). It is important to remind 
that 80% of the sugarcane produced in Brazil is from 
the Center-South producing region where the State of 
Sao Paulo is located. 

Regarding the burning of bagasse in boilers for 
cogeneration, despite the advantages of this process 
for the industrial productivity of sugarcane ethanol, 
there are pollutant emissions to be controlled. Even 
considering that there is no sulfur in biomass (i.e., no 
S0 2 -emissions), emissions of particulate matter and 
NO x must be controlled. There is also an adequate 
environmental legislation in the country to do so. 
Therefore, there are now limits for emissions (particu¬ 
late matter and NO x ) from such equipment [43]. 

Economic Aspects 

In response to environment issues, marketing forces took 
place increasing the demand for biofuels. This is espe¬ 
cially true when the oil price is high [44] . The producers 
as suppliers act in a market-oriented way following the 
demand and tending to seek for more productivity. 

Sugarcane Ethanol Production Costs Analyzing the 
inputs that are part of the production costs of biofuels, 
it can be noted that fertilizers, feedstock, and energy 
consumption are important indicators. In the case of 
sugarcane ethanol, the feedstock (sugarcane) repre¬ 
sents the highest share of the final production cost. 

Considering the overall process, the ethanol price 
can be up to 70% of gasoline prices, ranging from US 
$0.18 to 0.25 per liter. This is the lowest production 
cost of biofuels in the world. 

An analysis of the investment costs for plant with 
processing capacity of two million tons of sugarcane 
a year shows that it would be necessary an initial invest¬ 
ment of around US$60 million, in 2005 prices [45]. 
Assuming the plant to be a regular mill, located in the 
Center-South of Brazil, the yield would be on average 


79.39 1 of anhydrous ethanol or 82.86 1 of hydrous per 
ton of sugarcane. And one ton of sugarcane would cost 
US$11.4. Without computing the interest for a plant 
with a lifetime of 25 years would result in a cost of US 
$0,143 per liter of ethanol and an investment cost of 
about US$ 0.017 per liter of ethanol produced. 

The learning curve showed in Fig. 2 illustrates the 
competitiveness of Brazilian ethanol with gasoline in 
the international market. Other sugarcane producer 
countries have potential to implement biofuel program 
following the production costs reduction achieved by 
Brazilian experience with biofuels. 

It is important to note that nowadays there are no 
subsidies paid in the country, only special tariffs for 
ethanol when compared to gasoline. 

Brazilian Taxes Associated to Ethanol By the end of 

the 1990s, ethanol subsidies have been removed by the 
government and, since then, there is no price control 
from the government [2]. The deregulation of the 
ethanol market began during the Real Plan, in 1994, 
with the reduction of tax discount on Federal Excise 
Tax on Industrialized Products (IPI) for new vehicles 
powered by ethanol and also reduction of price differ¬ 
ence between gasoline and ethanol [46]. 

Nowadays, the only incentives in place are allocated 
in the acquisition of new vehicles on IPI and in the Tax 
on the Circulation of Goods (ICMS). Among the 
States, the lowest ICMS is in the State of Sao Paulo 
(12%) and highest is in the State of Para (30%), the 
average being 24% [37]. Flex fuel vehicles or vehicles 
powered by ethanol have lower IPI (Federal Tax for 
Industrialized Products) than gasoline ones (Table 1). 

Actually, a higher IPI levy on vehicles powered with 
fuels which have higher emissions of pollutants is a way 
of internalizing the costs of externalities caused by 
them. The structure of ethanol taxes burden can be 
described in a simplified way [12] as: 

• At industry level, on the ethanol anhydrous and 
hydrated, the PIS/Cofins levy is 3.65%, on the rev¬ 
enue after the ethanol sales. 

• Considering retailer, the so-called PIS/Cofins levy is 
8.2% in the revenue from sales of ethanol hydrated 
by the retailer. In case of anhydrous ethanol, this 
fuel is blended with gasoline, thus the levy evenly to 
gasoline. 
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Table 1 Taxes according to the fuel and vehicle type 


Tax burden on new vehicles 

Type of vehicle 

Federal tax IPI [47,48]* 

Gasohol vehicles (running on 
gasoline - anhydrous ethanol 
blends) 

7-25% 

Ethanol vehicles 

7-18% 

Flex fuel vehicles (running on 
any blend of gasoline/alcohol) 

7-18% 

Tax burden on fuels 


ICMS** 

(range) 

CIDE tax 
[12]*” 

Gasoline 

25-31% 

R$ 501.10/m 3 

Diesel oil 

12-17% 

R$ 154.80/m 3 

Natural gas 

12%- 

Zero 

Hydrated ethanol 

12-30% 

R$ 22.54/m 3 

Anhydrous ethanol (levy on 
gasohol) 

— 

— 


*IPI - Federal tax where the levy varies according to the engine that 
ranges from 1,000 to 3,000 cm 3 

**ICMS - State tax and is lower for ethanol. These taxes take into 
account the environmental benefits of alcohol. In the case of 
anhydrous ethanol (blended with gasoline), there is no state tax 
(ICMS); this tax is included in the final blend (gasohol). The tax 
varies according to the State 

***CIDE (Contribution for Intervention in Economic Domain), 
a Federal tax established in 2002 for liquid/gaseous fuels. CIDE 
was created aiming to get funds for road conservation in 
the country and establishes differentiated values according to 
each fuel 

• In terms of State tax, the ICMS (Tax on the Circu¬ 
lation of Goods) is a state tax on industry and 
retailer and for ethanol, it ranges from 12% to 30%. 

PIS and Cohns are concerned to social security, 
being PIS the acronym for Program for Social Integra¬ 
tion contribution and Cohns the acronym for Contri¬ 
bution for the Financing of Social Security. Cohns is an 
additional contribution to hnance social security based 
on the gross turnover of the company. 

Social Aspects of Sugarcane Ethanol Production 

Biofuels production generates signihcant social bene¬ 
fits for the developing countries, like economic growth 


and decrease of unemployment rate for people with 
low years of schooling in rural areas, through the cre¬ 
ation of jobs in such areas. 

Also the investment needed to create these jobs is 
much lower in biofuels sector than in others. In Brazil, 
one job position creation in ethanol agro industry costs 
about US$11,000 and for petrochemical industry the 
cost is 20 times more [49]. Figure 5 shows capital 
investment for job creation in different production 
areas and the quantity of job per unit of energy 
produced. 

Another important aspect of social situation in 
sugarcane sector is related to the quality of jobs created. 
The evolution of the poor people income share of 
participation on GDP is shown in Table 2. There, not 
only an increase of this participation can be seen, but 
also an increase in the number of poor people. 

The social inequality of rural areas in Brazil has not 
been improving significantly in the recent years. This 
fact is confirmed by the Gini index shown in the 
Table 3. 

Normally, the agricultural sector presents many 
informal jobs, that is, the worker is not included in 
the national social security system. However, regions 
with sugarcane production in general present better 
social situation. 

In 1992, the formal employment exhibited a rate of 
53.6% that improved to 72.9% now. Taking into 
account the regional differences in the country, it 
can be seen that, in the State of Sao Paulo, formal 
employment rate in the sugarcane industry is 93.8%, 
whereas in the North/Northeast region, it is only 
60.8%. 

Regarding wages, in the Center-South production 
region, people working with sugarcane earn more than 
those working with coffee, citrus, and corn, but less 
than those working with soybeans because this work is 
highly mechanized requiring more specialized workers. 
In the Northeast, people working in sugarcane crops 
earn more than those working in coffee, rice, banana, 
manioc (cassava), and corn crops, being their income 
approximately equivalent to the ones working in citrus, 
but lower than those ones working for soybeans. In 
fact, the enforcement of labor regulations in some 
regions of the country could indeed be improved, 
aiming to achieve the same situation already existing 
in several sugarcane regions. 
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Jobs per energy and capital investment per job [49] 


Bioethanol from Sugar: The Brazilian Experience. Table 2 Income share 



1999 

2000 

2001 

2002 

2003 

2004 

X- 

Share of income of the 50% Poorest 

12.69 

— 

12.58 

12.98 

13.36 

3.85 

Share of income of the 10% Poorest 

47.27 

— 

47.44 

47.02 

46.10 

45.31 

GDP per capita 

9,873 

10,152 

10,134 

10,179 

10,087 

10,433 

Number of poor people (million) 

56.18 

— 

58.34 

57.48 

— 

59.43 


*This is the share of total income of the 50% poorest individuals, according to the per capita household income 
**This is the share of total income of the 10% poorest individuals, according to the per capita household income 
***2005 Reais 

****Number of people in households with per capita income below the poverty line 
Source: Reference [50]. 


Bioethanol from Sugar: The Brazilian Experience. 
Table 3 Gini indicator 


Brazil 

2003 

2004 

2005 

2006 

2007 

Gini indicator 
for rural areas 

0.5307 

0.5166 

0.5042 

0.5003 

0.5120 


Source: Reference [50]. 


Temporary migration of rural workers during the 
crop season occurs because the place where they come 
from does not offer many job opportunities. Usually, the 
profile of rural worker in the sugarcane crop is described 
as male, young (under 30 years old), with low level of 
education, and migrant from other region [51]. 


The labor journey of rural field workers according to 
the law is 8 h a day with a 1 h break for lunch. 
Considering rural workers in the sugarcane crop, in 
2004, the number of workers was 493,162 and about 
50% were seasonal workers [52]. Table 4 shows the 
educational level of several workers categories in the 
sugarcane production in the State of Sao Paulo. This 
table shows that the category holding the lowest edu¬ 
cational level is the rural field workers (sugarcane 
cutters). 

Manual Harvesting of Sugarcane Crops Manual 
harvesting of sugarcane is an old practice in every 
country producing sugarcane and the main problem 
is the working conditions. In order to facilitate the 
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Bioethanol from Sugar: The Brazilian Experience. Table 4 Job distribution per educational level. State of Sao Paulo 


Occupations (%) 

Tractor driver and 
machine operators 

Supervisors 

Sugarcane 

cutters 

Other agricultural 
occupations 

Other non- agricultural 
occupations 

Illiterate 

0.1 

0.7 

3.7 

2.5 

0.5 

Incomplete 4th 
grade education 

8.5 

16.3 

31.7 

34 

7.2 

Complete 4th 
grade education 

19.4 

19.7 

26.7 

25.4 

15.8 

Incomplete 8th 
grade education 

22.1 

19.6 

20.2 

14.7 

16.4 

Complete 8th 
grade education 

21.3 

15 

10 

18.2 

15.6 

Incomplete 

secondary 

education 

8.1 

5 

3.3 

2.2 

7.9 

Complete 

secondary 

education 

20.1 

21.4 

4.2 

2.9 

31.6 

Incomplete higher 
education 

0.3 

0.6 

0.1 

0.1 

1.8 

Complete higher 
education 

0.2 

1.8 

0 

0 

3.3 


Source: Reference [37]. 


work and prevent accidents with poisonous spiders and 
snakes, it is a regular procedure to burn the leaves of 
sugarcane. Usually, sugarcane harvested manually 
occupies ten workers per hectare [53]. 

Considering the legislation related to work condi¬ 
tions, Brazilian Labor Law is strict with regulation, but 
there are exceptions. Thus, there is a need for more law 
enforcement, in order to reach welfare to all rural workers. 

Regarding government social assistance to rural 
worker in Brazil, the latest social governmental pro¬ 
gram is “Fome Zero” (Zero Hunger) including initia¬ 
tives like “Bolsa Familia” (Family Allowance), an aid 
to rural family ensuring minimum price for their crop, 
taxes reduction on basic nutrition items. These are 
government tools of redistribution [54]; other instru¬ 
ments that can be associated to the rural worker are the 
minimum wage and the national social security system. 

Mechanization of Sugarcane Harvesting Mechani¬ 
zation of the agriculture is a process that has been 


taking place all over the world. Similarly to the indus¬ 
trial revolution, in the mid 18th Century, man work 
was replaced by machines, and this trend is also 
observed in the agricultural sector in Brazil. The mech¬ 
anization process is happening not only in sugarcane 
crops, but also in other agricultural cultures, as well as, 
in other countries [55]. 

Since the beginning, the mechanization process has 
not been uniformly developed in Brazil, exhibiting 
distinct levels of mechanization depending on the 
region and on the type of crop [56]. In this way, the 
mechanization process for some agricultural crops is 
deemed partial due to the fact that harvesting process 
continued to be manual; one example is sugarcane 
crops that require a number of workmen for harvesting 
tasks. 

The mechanization of the planting phase process 
has already changed the work relation and contributed 
to deteriorate the rural work quality giving raise to 
seasonal job. After the introduction of the legislation 
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for the mechanization of the sugarcane harvesting, the 
mills have been investing in capacity building for the 
rural workers aiming to develop more skilled people 
able to manage the mechanical harvesting machines, 
quite sophisticated equipment with computerized 
systems. 

Seasonal Work Despite ethanol from sugarcane, 
rural field workers’ condition is a subject of criticism, 
particularly the seasonal work. This sector holds the 
second highest seasonality in the country of 5.35 [57]. 
There is argumentation that seasonal job was 
a tendency of the agriculture [58]. 

Another reason pointed out was the agricultural 
modernization policy that was not favorable to small 
producers, who were not prepared either to production 
competition or work in the urban centers becoming 
seasonal workers [59]. Sometimes it is argued [60, 61] 
that the Federal Law N 4.214 from 1963, creating the 
Statute of the Rural Worker that extended to rural 
workers the same rights of the urban ones, has sped 
up the mechanization process. 

In the State of Sao Paulo, the legislation goes 
beyond mechanizable areas with the recent legislation, 
Law N 11.241, of 2002. In order to follow the require¬ 
ments of the legislation, the producers rapidly embrace 
mechanical power, but the level of mechanization 
depends upon availability of capital for investment. 

As Brazil is a big country with regional differences, 
it is possible that part of the harvesting will continue to 
be manual, for some time, following the legislation 
schedule. 

The alternative of harvesting with machines might 
cause unemployment of rural workers with low level of 
education that, possibly, will have difficulties to fit in 
the labor market. Regarding the sugar cutter unem¬ 
ployment, the legislation intends to tackle this problem 
including qualification of rural workers involving the 
partnership of unions. According to UNICA [62], with 
the effort of the associated companies, it is possible to 
improve the skills (qualification) of 7,000 workers 
a year. 

The State of the Art on Sugarcane Ethanol 

In the last 30 years, many technological improvements 
happened in ethanol field in agricultural and industrial 


production, in logistics and in the end users [63] . To do 
so, it was necessary to give subsidies at the initial stage, 
initiate negotiation among the sectors involved, and 
pass specific legislation [64] to open a window of 
opportunities and attract investments. 

This topic will describe the state of the art of the 
fleet compatibility with ethanol, cogeneration process, 
technological development achieved, and logistic. 

Compatibility of the Existing Fleet with Ethanol 

This topic reports technological issues related to com¬ 
patibility of the fleet with ethanol. Starting with the 
effect of ethanol on regular gasoline engine fleets, it 
then describes technological aspects of ethanol engine 
fleets and finally the new flex fuel engines. 

Generally, the use of ethanol raises concerns about 
the compatibility of the regular existing fleet, as well as, 
the higher fuel consumption, since ethanol has lower 
energy content than gasoline. 

The consumption drawback is partly compensated 
by the higher compression ratio that gives higher effi¬ 
ciency to the fuel. Regarding regular fleet compatibility, 
the concerns rely on drivability, cold start, and damages 
of components of the vehicle. The losses in drivability 
may arise due to different ratio air/fuel for the com¬ 
bustion while cold start difficulties are caused by the 
lower vapor pressure. Most of the worries are the 
chemical attack in plastic and rubber materials of vehi¬ 
cle and corrosion of metallic materials of vehicle. Not¬ 
withstanding, the occurrence of these events 
aforementioned depends upon the amount of ethanol 
blended with the gasoline, the vehicle age (reflecting its 
technological level), and the ethanol fuel specification 
and quality [45]. 

Furthermore, small blends of ethanol with gasoline 
up to 5% are acknowledged as inoffensive to the regular 
fleet. The World Wide Fuel Charter [65] establishes 
maximum oxygen content in gasoline of 2.7% m/m, 
that is, blends higher than 5% are allowed by this 
specification. Many countries have introduced low 
concentration of ethanol blended with gasoline (up to 
10%) as regular fuel for vehicles developed for 
neat gasoline without significant performance loss. In 
case of vehicles with electronic fuel injection (EFI Sys¬ 
tem), this device enables automatic correction of the 
engine air/fuel ratio. Ethanol blended with gasoline 
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presents a relatively low consumption increase of less 
than 3%. Table 5 [66] displays the necessary adjust¬ 
ments in vehicles for the use of national sugarcane 
ethanol blends. 

Cogeneration in Sugarcane Mills 

Cogeneration process is the simultaneous electric/ 
mechanical and thermal energy production from the 
same energy source. In the case of Brazilian 
sugar/ethanol mills, the source of energy is sugarcane 
bagasse. 

Until the late 1990s, sugarcane bagasse was deemed 
an undesirable waste by the sector and was inefficiently 
burned or traded. Later on, the situation started to 
modify due to the need of changing the old boilers 
with 20 years in the edge of their life cycle. Some mills 
started to introduce more efficient boilers (higher- 
pressure boilers, up to 80 bar, instead of the old ones 
working with 21 bar) [4]. Step by step, other mills also 
became interested on this technology and the improve¬ 
ments started to happen. 

Associated to this fact, another action that pro¬ 
pelled the technological upgrade was the Program for 
Alternative Electric Generation Sources and Wind 
Energy (PROINFA) that was a political incentive to 
energy generated from renewable sources. In the case 
of biomass, where sugarcane bagasse cogeneration is 
included, the electricity surplus sold to the grid relies 
on several aspects, such as the type of cogeneration 
technology used, the quantity of steam consumed to 
produce sugar and/or ethanol, and the amount of 
bagasse available [64]. 

In 2007, the total electrical energy sold in the mar¬ 
ket was about 900 MW, and nowadays, it is 1,000 MW. 
The plants work in a complementary basis with 
the hydroelectric system, since the plants are 
operating at full power in the dry season in the 
Center-South. In fact, there are still several opportuni¬ 
ties for enhancing the power generation if all the 
plants are modernized and the use of tops and leaves 
(trash) of the sugarcane is introduced with the mech¬ 
anization of green cane. 

PROINFA was created by the Law N 10438, 2002, 
that established that 3,000 MW would be purchased 
from renewable energy sources, specially wind, small 
hydro, and biomass. In the case of biomass, actually the 


price and long-term contracts (20 years), established 
for electricity purchase, were not considered attractive 
to make all the mills modernize to produce surplus of 
electricity. Therefore, the limit of 1,000 MW was not 
achieved by biomass and the share of power not bought 
from biomass was transferred to wind and small hydro 
sources of energy. 

Actually, most mills prefer to send their electricity 
surplus to the utilities in short term contracts. Besides 
that, also the grid connection is still a barrier that needs 
to be overcome; by the time this entry was written, 
many mills were developing special agreements in 
order to allow the construction of transmission lines 
from the plant until the grid (see also [65]). 

Technological Development 

In Brazilian experience of producing ethanol, three 
technological phases can be identified [37]. In the 
first phase, from 1975 to 1985, the focus was on 
productivity to supply the growing demand. This 
phase was characterized by the search for higher 
milling capacity, improvements of distillation systems, 
fermentation productivity gains, and agricultural pro¬ 
ductivity increase. 

Since the production was stabilized, as of 1980, the 
emphases shifted to better conversion efficiency such as 
higher efficiency of the extraction and fermentation 
phase. In the mid-1980s, there was more attention in 
technological tools for agro-industrial production 
management like optimization and renovation of 
sugarcane plantations in order to monitor the harvest, 
control the operational processes, and control 
simultaneously agriculture and industry. The develop¬ 
ment was not homogeneous, and the three phases can 
still be found. Comparing the maximum conversion 
efficiency to the average values, 10% difference could 
be found between the production units, but growing 
over the time indicating large internal technology 
transfer. 

The most relevant information about the techno¬ 
logical development is summarized in Box 3. According 
to this, the Brazilian technological level for ethanol fuel 
production is deemed the best in the world (as proven 
by the production costs and the conversion efficien¬ 
cies). In the sugarcane research area, Brazil shows the 
largest number of technical publications [64]. 
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Box 3: Technological Development 


Period of 1980-1990: Large-scale introduction of sugar¬ 
cane varieties developed in Brazil (mainly by CTC- 
Copersucar and Planalsucar programs); development 
of the full use of the sugarcane stillage in fertirrigation; 
biological controls in sugarcane production; develop¬ 
ment of the milling system with four cylinders; power 
production in the industry (self-sufficiency); end use; 
ethanol specifications; ethanol engines, ethanol trans¬ 
portation, blending and storage. 

Period of 1990-2000: Optimization in sugarcane 
cutting, loading and conveyance; sugarcane genome 
mapping; genetic transformations, harvesting mecha¬ 
nization, achievement of electric power supply and 
their selling to the grid; advancements in industrial 
automatization; enhancement in technological man¬ 
agement (both industrial and agricultural); introduction 
of flex fuel engines. 

Source: Reference [63]. 


Logistics 

The production of biofuels requires the existence or 
development of a support structure to collect the bio¬ 
mass, transport it to the industrial plant to be 
processed, and to distribute the biofuel. This is an 
important issue when the perspective of replication 
the Brazilian experience is being discussed, as is hap¬ 
pening nowadays. 

In addition to the requirements mentioned above, 
there is also the need for appropriate facilities for 
storage. The logistical structure of biofuels is complex 
and involves local, regional, and long distance trans¬ 
portation, delivering the product to other consumer 
centers or even to export. Depending on market desti¬ 
nation of the ethanol (internal or exportation), the 
logistic must be handled separately. 

If the final destination is the internal market, the 
production must be delivered to a fuel distribution base 
because of legal reasons; however, if the production is 
going to be exported, the commercialization can be 
developed directly from production plant or fuel dis¬ 
tribution base [67]. Regarding the storage facilities, the 
storage might be done either by the producer storing 


the production surplus in tanks inside the industry or 
by the retailer in the terminals to guarantee the supply 
in short term [41]. 

Brazil has a logistic structure consolidated and well 
distributed for hydrated ethanol or anhydrous ethanol 
blended with gasoline, where both types of ethanol 
hydrous and anhydrous are transported via road, rail, 
and pipelines [68]. 

At long term, the infrastructure of storage capacity 
does not seem to be a limiting factor. In 2007, there 
were 273 retailer spread around all the states of the 
country with storage capacity of 3.75 million cubic 
meters [41]. Unlikely the storage, the infrastructure of 
ethanol transportation regarding the growing produc¬ 
tion seems to be a bottleneck for developing countries 
with a lack of local infrastructure. 

International Dimensions of the Ethanol Program 

Ethanol Programs in Other Countries 

Several countries have already started biofuel pro¬ 
grams. The most important one existing today (and 
also the largest one) is the US ethanol program, pro¬ 
ducing ethanol from corn. The current production of 
corn ethanol by the USA reaches 41 billion liters [69]. 

The 2007 US Energy Bill set a target of producing 
15 billion gallons (56.8 billion liters) of ethanol a year 
from corn by 2015, using first-generation technologies, 
which will probably require an agricultural area of 
approximately 14 million hectares. Further expansion 
of production is planned, up to 21 billion gallons 
(79.5 billion liters) a year, using cellulosic materials 
and second-generation technologies that are still in 
experimental phase. 

Another policy pointing in this direction is the 
European Union directive, which will require 3.9 billion 
gallons per year by 2020 in order to replace 10% of the 
gasoline for internal consumption. At the present, their 
production is two billion liters a year. Production of 
ethanol from corn, using first-generation technologies, 
will be at least 87.8 billion liters a year in 2015, up from 
36.8 billion in 2006. 

There is an important difference between the pro¬ 
duction of ethanol from sugarcane in Brazil or from 
corn in the USA, and from starch feedstock in Europe. 
The difference between them relies on industrial 
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processes that require external sources of energy like oil 
or gas to supply electricity and heat. 

In practical terms, in USA and European Union 
(E.U.), ethanol is obtained partly by burning coal (the 
main source of energy in the region) to produce the 
energy necessary to the processes inside the distilleries. 
Unlike USA and E.U., in Brazil, the use of sugarcane 
bagasse as feedstock makes far better energy usage 
avoiding fossil fuel consumption. This is possible due 
to energy content in the feedstock. The concept of 
energy balance used to evaluate the use of fossil fuels 
in preparing ethanol was already discussed in the Sect. 
“From Field to Motor”. 

Many studies have been conducted on this subject, 
and the results are sensitive to assumptions about the 
use of fertilizers, pesticides, and other energy inputs. 
According to one estimation compared to gasoline, 
ethanol from corn emits 30% less C0 2 and ethanol 
from sugarcane 82% less [70]. 

In the USA, efforts to expand ethanol production 
from corn face severe obstacles. The amount of corn 
directed to ethanol production is already 18% of the 
production, spread in a total area of 37 million hect¬ 
ares. The increase in corn-planted area has been made 
at the expense of soybean-planted area. Production of 
ethanol from cellulosic materials, which could be 
a solution, is still facing technological problems that 
are not likely to be solved by 2015. Nevertheless, pro¬ 
ductivity increases including genetic modification 
might represent a significant reduction in the amount 
of additional land necessary. 

This large demand for ethanol and the 
corresponding use of agricultural land to produce it 
have generated a number of objections to the use of 
biofuels. Some argue that the competition between 
land for fuel (ethanol) and land for food, in both the 
USA and Europe, is causing famine around the world 
and leading indirectly to deforestation in the Amazon 
and other tropical areas [31, 32]. The recent rise in the 
prices of agricultural products, after several decades of 
declining real prices, is often seen as a cause of famine, 
and led to the politically laden debate of fuel versus 
food. All together, the grain prices have more than 
doubled since January 2006, with over 60% of the rise 
happening since January 2008. It was closely following 
the price of petroleum that started to diminish when 
2008 crop was harvested. In contrast, the point has 


been made that higher crop prices will not necessarily 
harm the poorest people because many of the world’s 
800 million undernourished people are farmers or farm 
labors, who could benefit from higher prices. 

More recently, the price of agricultural products has 
decreased following the decline in petroleum prices. To 
keep the issue in perspective, it is important to remem¬ 
ber several facts. First, around the world, 93 million 
hectares are currently being used to grow soybeans and 
148 million hectares for corn, while the amount used in 
the USA to produce ethanol is approximately seven 
million hectares. Second, in general, the prices of food 
commodities have been decreasing since 1975, but 
fluctuations frequently occur in those prices, as well 
as, in the areas planted and the prices of crude oil. 
Those fluctuations, which have occurred for decades, 
result from many factors and events [64] and not due 
to biofuels expansion. 

Worldwide, 1.5 billion hectares of the arable land 
is already being used for agriculture and another 
440 million hectares is potentially available, including 
250 million hectares in Latin America and 180 million 
in Africa. As such, the area currently being used for 
biofuels is only 0.55% of the land in use. This expan¬ 
sion has been extensively analyzed in many reports 
(e.g., [34]) which pointed out that several individual 
factors have driven up grain prices and in combination 
led to an upward price spiral. Among them are high 
energy and fertilizer prices, the continuing deprecia¬ 
tion of the US dollar, drought in Australia, growing 
global demand for grains (particularly in China), 
changes in some nations’ import-export policies, spec¬ 
ulative activity on future commodities trading, and 
regional problems driven by subsidies of biofuel pro¬ 
duction in the USA and E.U. 

One example is the land changes in the USA in the 
period 2006-2007, corn acreage grew 19% utilizing 
nearly 37 million hectares, an increase of 7 million 
hectares. Most of this expansion came at the expense 
of soybean acreage, which decreased by 17%, from 
31 to 26 million hectares (i.e., 5 million hectares). 
This is approximately 6% of the world’s area used for 
that crop, and that change is helping to drive up prices. 

Because of this land changes, other countries had to 
expand their soybean production, possibly increasing 
deforestation in Amazon. Such speculations about 
a domino effect are not borne out by the facts since the 
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area used for soybeans in Brazil (mainly in Amazon) 
has not increased from 2004 onward. The deforestation 
in the Amazon rain forest has been going on for a long 
time at a rate of approximately one million hectares per 
year [71], and recent increases are not due to soybean 
expansion but due to cattle and are inconsistently 
related to ethanol production [35]. 

Replicating the Brazilian Experience Elsewhere 

Almost 100 countries are producing sugarcane over an 
area of 20 million hectares and the fifteen most impor¬ 
tant producers hold 86% of the sugarcane production. 
And the conversion of sugar plants into ethanol distill¬ 
eries is relatively easy, and most of the existing plants in 
Brazil have these dual purposes. Taking advantage of 
the easy reversibility of the production units, the etha¬ 
nol production in other countries could be significantly 
expanded following the Brazilian experience with eth¬ 
anol, using a fraction of their sugarcane for ethanol. 

The question that arises is: Why are other sugarcane- 
producing countries not using some of their raw mate¬ 
rial to produce ethanol? One, it could be export to the 
USA and E.U., where production costs are significantly 
higher. The main reason is the high import duties 
imposed on ethanol imports in the USA and E.U. to 
protect local industries, which are heavily subsidized. 
Table 6 displays an estimation of the subsidies in the 
USA and E.U., which totaled almost $12 billion in 2006. 

Removing these subsidies is a topic of discussion in 
the Doha round of negotiations, but prospects for 
progress in this area are poor (Box 4). Several countries 
in Central America benefit from their privileged access 
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Table 6 Subsidies for biofuels in the USA and E.U., 2006 



Ethanol 

Biodiesel 

1 

Total, in 

US$ 

billions 

Billions 
of liters 

us 

$/l 

Total, in 

US$ 

billions 

Billions 
of liters 

us 

$/l 

US 

5.8 

20.7 

0.28 

0.53 

0.96 

0.55 

EU 

1.6 

1.6 

1 

3.1 

4.43 

0.70 

Total 

7.4 

22.3 

— 

3.63 

5.39 

— 


Source: Reference [72]. 


Box 4: Biofuels and the World Trade Organization 


Nowadays, the World Trade Organization (WTO) does 
not have a specific trade regime for biofuels. Therefore, 
international trade in biofuels falls under the rules of 
the General Agreement on Tariffs and Trade (GATT, 
1994), which covers trade in all goods, as well 
as, other relevant WTO agreements such as those 
on agriculture, technical barriers to trade, the appli¬ 
cation of sanitary and phytosanitary measures, and 
subsidies and countervailing measures. Agricultural 
products are subject to GATT and to the general 
rules of the WTO, insofar the Agreement on Agricul¬ 
ture (AoA) does not contain derogating provisions. 
Key trade-related issues include the classification for 
tariff purposes of biofuel products as agriculture, 
industrial, or environmental goods; the role of subsi¬ 
dies in increasing production; and the degree of 
consistency among various domestic measures and 
WTO standards. The AoA covers products from 
Chaps. 1 to 24 of the Harmonized System, with the 
exception of fish and fish products and the addition 
of many specific products, including hides and skins, 
silk, wool, cotton, flax, and modified starches. The 
discipline of the AoA is based on three pillars: market 
access, domestic subsidies, and export subsidies. One 
of its main features is that it allows members to pay 
subsidies in derogation from the Agreement on Sub¬ 
sidies and Countervailing Measures. The Harmonized 
System classification affects the way products are 
characterized under specific WTO agreements. In 
this classification, ethanol is deemed as an agricul¬ 
tural product being subject to Annex 1 of the AoA, 
whereas biodiesel is classified as an industrial 
product and is therefore not subject to the 
disciplines of the AoA. The paragraph 3 (iii) of the 
Doha Development Agenda displays negotiations on 
"the reduction or, as appropriate, elimination of tariff 
and non-tariff barriers to environmental goods 
and services." Some WTO members have suggested 
that renewable energy products, including ethanol 
and biodiesel, should be classified as "environmental 
goods" and therefore subject to negotiations 
under the "Environmental Goods and Services" 
cluster. 

Sources: References [76-78]. 
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Table 7 Projects under development 


Country 

Capacity (m 3 ethanol/day) 

Status 

Colombia 

150 x 5 

In operation 

Venezuela 

700 x 4 

In construction 

Angola 

1,000 

Firm proposal 

Colombia 

1,000 

Firm proposal 

Bolivia 

500 

Firm proposal 

Paraguay 

700 

Firm proposal 

Colombia 

300 x 2 

Firm proposal 

Colombia 

100 

Firm proposal 

Colombia 

150 

Firm proposal 

Colombia 

200 

Firm proposal 


Source: Oliverio J, Vice President of Operations, Dedini Organiza¬ 
tion, personal communication. 


to the US market. The members of the Caribbean Basin 
Initiative (CBI), the oldest group, up to 7% of the 
previous years US ethanol demand is exempt from 
import tariffs [2, 73]. 

This agreement has been used mostly to allow these 
countries to import dehydrated Brazilian ethanol. In 
the past, European hydrous ethanol was also included. 
Dehydration plants are located in Costa Rica, the 
Dominican Republic, Trinidad and Tobago, El Salvador 
and Jamaica. The USA imported 482 million liters from 
these countries in 2006 and 877 million liters in 2007, 
considerably less than the 1.3 billion liters that the 7% 
limit represents on ethanol imported from Caribbean 
countries. The Central America Free Trade Agreement 
(CAFTA), signed in August 2004, immediately elimi¬ 
nated all tariffs and quantitative restrictions on 80% of 
manufactured goods in that market, including ethanol, 
with the remainder phased out over a few years. Nearly 
all of the 6 nations in CAFTA have already initiated 
plans to develop large-scale ethanol production. El 
Salvador is the most advanced, since it has already 
drafted legislation to continue developing a local etha¬ 
nol market and is beginning to invest in ethanol pro¬ 
duction. An old distillery that can produce 60 million 
liters a year is being revamped to double its 
capacity and is already exporting all its production. 
Similar initiatives are underway in Guatemala and 
Costa Rica [74]. 


Across the Atlantic, two key elements of the E.U. 
General System of Preferences are the Everything but 
Arms (EBA) initiative and the Special Incentive 
Arrangement for Sustainable Development and Good 
Governance (GSP+). EBA provides special treatment 
for fifty least-developed countries, giving duty-free 
access to imports of all products except arms and 
ammunition, without any restrictions on quantity, 
with the exception of rice and sugar up to October 
2009. At present, GSP+ benefits 16 countries, mostly 
in Latin America and the Caribbean. Any GSP+ bene¬ 
ficiary country must be both “vulnerable,” according to 
a definition established in the regulation, and have 
ratified and effectively implemented 27 specified inter¬ 
national conventions in the fields of human rights, core 
labor standards, sustainable development, and good 
governance. This program grants special duty-free 
access to the E.U. market for denatured or non- 
denatured alcohol [75]. In order to benefit from such 
advantages, a few countries in Latin America and Africa 
are starting to divert some of their sugarcane to ethanol 
production and others, especially Venezuela, are 
expanding their sugarcane plantations. Regarding these 
issues, some recent reports from UNCTAD discuss on 
only certification issues and the impact on developing 
countries, as well as, the perspectives for second- 
generation technologies in these countries [2]. Table 7 
provides a list of projects underway around the world. 

This development represents a modernization of 
the sector which traditionally was in the hands of 
prosperous family groups that benefited from special 
relationships with the E.U. that let them sell sugar at far 
more than the international price. Their price was 
based on the much higher price of locally produced 
sugar from sugar beets or sweet sorghum. This com¬ 
fortable situation discouraged them from entering into 
the ethanol business, which required additional invest¬ 
ments and know-how. 

Future Directions 

If second-generation technologies do not materialize 
until 2022, most of the ethanol required in the USA will 
probably have to be imported from countries in the 
Southern Hemisphere, such as Brazil where the sus¬ 
tainable land expansion and good climate particularly 
favor its production from sugarcane. 
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In all likelihood, ethanol consumption, which 
represented 0.4 million barrels of oil equivalent per 
day in 2006 (1.2% of all gasoline in use in the world) 
will grow to 2.6 million barrels of oil equivalent per day 
in 2022, replacing 10% of all gasoline used in the world. 
Considering that current oil consumption is 85 million 
barrels a day and that it might grow to 100 million by 
2012, ethanol would be contributing the equivalent of 
almost 3% of the world s consumption of oil. That is 
a significant amount and will help drive down the 
world price of petroleum. 

Neither USA nor E.U. will be able to produce all 
the ethanol it needs; in all likelihood, they will 
have to import it from Brazil and other tropical 
sugarcane-producing countries. This could be 
a mutually beneficial solution, reducing the cost of 
fuel for consumers in the USA and E.U. and generating 
hundreds of thousands of jobs in the developing 
countries. 
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Glossary 

BtL Biomass to liquid 

CH 4 Methane 

CO Carbon monoxide 

Co Cobalt 

C0 2 Carbon dioxide 

DDGS Distiller-dried grained solubles 

DE Diesel engine 

DE Diesel equivalent 

DME Dimethylether 

EJ Exajoule 

eq Equivalent 

EU European Union 

EUR Euro 

FAME Fatty acid methyl ester 

FC Fuel cell 

FE Fuel equivalent 

FFA Free Fatty Acids 

FFV Flexible fuel vehicle 

FT Fischer-Tropsch 

GHG Green House Gas Emissions 

GWP Global warming potential 

H 2 Hydrogen 


HVO Hydrogenated vegetable oil 

Hyb Hybrid engine 

IEA International Energy Agency 

km Kilometer 

LCA Life cycle assessment 

LCI Life cycle inventory analysis 

LCIA Life cycle impact assessment 

MeOH Methanol 

MJ Megajoule 

mn Million 

Mo Molybdenum 

Ni Nickel 

OBR Onboard reformer 
OE Otto engine 

OECD Organisation for economic co-operation and 
development 

R&D&D Research & development & demonstration 

SNG Synthetic natural gas 

SRC Short rotation coppice 

TCI Total capital investment 

th Thermal 

US United States 

VO Vegetable oil 

WTW Well-to-wheel 

ZnO Zinc oxide 

Definition of the Subject 

Biofuels are liquid, gaseous, and solid fuels derived 
from biomass based on a broad variety of conversion 
processes. Despite this definition that encompasses all 
physical states, the term “biofuels” has been linked 
throughout the years with the transport sector and 
considers only liquid and gaseous fuels as an alternative 
solution to fossil fuels that are used in transport. 
This entry will follow this trend and will consider 
under the term “biofuels” fuel options of biomass 
origin that are used (or intended to be used) within 
the transport sector. While fossil-based electricity and 
heat could be replaced from electricity and heat pro¬ 
duced from different renewable sources (e.g., sun, 
wind), the only way, nowadays, to replace fossil fuels 
within the transport sector is biomass-based fuels; their 
importance is therefore undeniable, although their 
implementation is not free of concerns. The most 
important drivers for their implementation are the 
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need for diversification of fuel sources, the fluctuations 
of fossil fuel prices and the associated need for security 
of fuel supply, and the need for mitigation of green¬ 
house gas emissions caused by the transport sector. 
Considering the variety of biomass conversion path¬ 
ways, this entry provides a comprehensive analysis of 
current and most promising future biofuels options 
and highlights technical, economic, and environmental 
aspects along the entire production chain: from bio¬ 
mass production and transport, over biofuels produc¬ 
tion and distribution, to the final use of the biofuel 
(e.g., [1, 2]). 

Introduction 

Globally, many countries have been motivated to 
explore alternative energy sources due to increasing 
fossil fuel prices in average, energy supply security, 
and environmental consciousness (especially related 
to climate change). In developed and developing coun¬ 
tries, fossil fuel price fluctuations and climate change 
are driven to the increasing interest in biofuels. Most 
developed countries are moving from voluntarily to 
obligatory legislations imposing market shares of 
biofuels in the transport sector [3]. With careful con¬ 
cepts and appropriate regulations, some biofuels might 
help to slow down global warming and to enhance 
energy security. Additionally, biofuels might provide 
countries opportunities to diversify agriculture pro¬ 
duction, to raise rural incomes, and to enhance access 
to commercial energy, especially for rural communi¬ 
ties. However, media about the unintended side effects 
of bioethanol and biodiesel production has dominated 
the news about biofuels in the past. These headlines 
range from increasing world hunger and endangering 
forest reserves to increasing water pollution and 
wasting public funds [4]. 

Currently approx. 10% of the global primary energy 
demand (in 2007 approx. 516 EJ) is covered by biomass 
[5]. At present due to favorable policies and subsidy 
support in many countries, bioethanol based on sugar 
and starch crops (in 2009 approx. 58.4 million tons) 
and biodiesel primarily based on vegetable oils (in 2009 
approx. 14.4 million tons) are the most common 
biofuels representing approx. 2% of the total fuel con¬ 
sumption within the transport sector. Globally approx. 
110 million tons of bioethanol and approx. 24 million 


tons of biodiesel are expected to be produced until 2020 
which accounts for approx. 3.5% of the total global fuel 
consumption (Fig. 1). 

All over the world, an increasing number of coun¬ 
tries define declarations on bioenergy use with special 
regard to biofuels. Motivations for that are different 
(e.g., decarbonization strategy in Europe, increased 
security of supply in America, Asia, and Africa). In 
Fig. 1, the required biofuels demand according to 
these biofuel targets is compared to the projected bio¬ 
fuel production and the total transport energy demand 
according to the IEA reference scenario. Even if assum¬ 
ing that the biofuels targets will be reached fully only 
approx. 25% of the global additional energy consump¬ 
tion within the transport sector (based on 2005) could 
be covered by the year 2020. It is expected that in this 
time frame, biofuels of future generation will only 
play a minor role with regard to their current tech¬ 
nology status and the expected business-as-usual 
development. 

Against this background, this entry deals with the 
most important biofuel options for transportation pur¬ 
poses from a current point of view. Based on the char¬ 
acteristics of biomass as a multipurpose resource, 
technical profiles are shown for the different biofuel 
options. Furthermore, these technologies are consid¬ 
ered concerning economic aspects (e.g., capital invest¬ 
ment requirements, costs of production and use) as 
well as concerning environmental aspects (e.g., global 
warming effect). 

Characteristics of Technologies 

Advanced technologies are now under development to 
convert biomass into various forms of secondary 
energy including electricity, gaseous, and liquid 
biofuels. The purpose of biomass conversion is to pro¬ 
vide fuels with clearly defined fuel characteristics that 
meet given fuel quality standards. In general, there are 
various options to produce alternative transportation 
fuels based on biomass. Depending on the conversion 
of biomass in principal, three main conversion path¬ 
ways come into consideration: (1) the thermochemical 
pathway, (2) the physicochemical conversion pathway, 
and (3) the biochemical conversion pathway [7]. An 
overview is given in Fig. 2. For thermo chemical and 
biochemical conversion, future lignocellulosic options 
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Comparison of global transport energy demand, biofuel targets, and projected biofuel production (based on [5, 6]) 
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Simplified overview of biofuel pathways (future-generation feedstocks and biofuels marked in green) 
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might be promising. The use of lignocelluloses prom¬ 
ises a larger non-food crop variety (e.g., woody and 
herbaceous residues and energy crops) with larger 
capacities and lower costs are expected at favorable 
environmental effects in future. 

Current-generation biofuels are biofuels currently 
on the market in considerable amounts. The most 
important biofuels are bioethanol and ETBE and bio¬ 
diesel using well-established processes for their pro¬ 
duction. For these types of fuels, only specific parts of 
the overall plant are used, such as the starch in corn 
kernels or grains, the sugar in canes or beet, or the oil in 
oilseeds. Residues from the production of these crops 
(e.g., straw) are currently used within the agricultural 
cycles (e.g., as fertilizer, for animal farming). Moreover, 
by-products accumulate during biofuel production 
and can be applied in the fodder and the chemical 
industry (e.g., press cake, glycerine, fertilizer when 
producing biodiesel, and vinasse or DDGS when pro¬ 
ducing bioethanol). 

• Bioethanol is produced by fermenting sugars from 
starch and sugar biomass (e.g., cereal crops such as 
corn or wheat and sugarcane or beets). It is applied 
in pure form in specially adapted vehicles or 
blended with gasoline, provided that fuel specifica¬ 
tions are met. Ethyl-tertiary-butyl-ether (ETBE) is 
synthesized from bioethanol and isobutylene. It is 
used as additive to gasoline. 

• Biodiesel or fatty acid methyl ester (FAME) made 
from vegetable oils from the reaction with methanol 
in a catalyzed transesterification process. It is 
used in pure form in specially adapted vehicles or 
blended with diesel. 

Different from that future biofuels can basically be 
produced (1) from an expanded range of feedstock as 
well as (2) from the whole plant (i.e., much more 
biomass per hectare land), including biomass waste 
streams that are rich in lignin and cellulose, such as 
straw, grass, or wood. It is expected that low-cost res¬ 
idue and waste sources will be the primary feedstock 
for the next 10-15 years, followed by cellulosic peren¬ 
nial energy crops (e.g., willow, poplar, eucalyptus) 
with the potential to expand substantially after 
2020 [8]. For the provision of these biomass sources, 
adapted logistic concepts (e.g., with regard to storage, 
transport, biomass handling) are required since logistic 


chain complexity increases with increasing biofuel 
plant size. In order to breakdown this biomass to 
produce biofuels with better fuel properties than, 
for example, vegetable oils and biodiesel, two main 
conversion pathways come into consideration: 

• Firstly via biochemical processes that, for example, 
use special enzymes breaking down the lignocellu- 
loses and releasing the sugars, which can then be 
fermented into bioethanol. Moreover, biogas that is 
produced from anaerobic treatment of biogas sub¬ 
strates and is then upgraded to biomethane, which 
can be fed into the natural grid and, for example, 
used in natural gas vehicles. 

• Secondly via thermochemical processes based on 
gasification, where high temperatures are used to 
turn biomass into a raw gas that is treated and 
conditioned into a synthesis gas, consisting mainly 
of carbon monoxide and hydrogen. This gas can 
further be processed into different types of liquid 
and gaseous fuels via different types of fuel synthe¬ 
ses. Fuels from this route are then called “synthetic 
biofuels.” Most promising liquid synfuel (also BtL, 
biomass-to-liquids) is, for example, Fischer- 
Tropsch fuel due to its favorable fuel properties. 
Gaseous synfuels are, for example, dimethylether 
(DME) and bio-SNG, which is also a form of 
biomethane and can be similarly used as 
a substitute for natural gas-like biomethane from 
biogas. Furthermore, available vegetable oils or 
animal fats can be treated by hydrogenation pro¬ 
cesses into so-called HVO, a biodiesel with compa¬ 
rably more favorable properties than conventional 
biodiesel. 

Typically, future-generation biofuels production 
plants and the surrounding infrastructure are more 
complex than conventional biofuel options and thus 
more capital intensive (i.e., high capital risk). The 
technical measures shown with the future-generation 
concepts are possible in principle but have to be con¬ 
firmed within future demonstration plants. Regardless 
of large differences of the different concepts under 
discussion, it also has to be pointed out that none of 
the concepts can be called “proven technology” that 
can be bought off the shelf as a turnkey plant. Some of 
the concepts show a promising maturity justifying the 
development of a first industrial demonstration project 
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together with (industrial) monitoring. Except few 
demonstration plants under operation (e.g., for HVO, 
biomethane based on biogas and some bioethanol 
based on lignocelluloses, mostly integrated into 
existing conventional bioethanol plant), for all future- 
generation biofuels scale-up strategies are required. 
This includes the integration of the different process 
steps along the complete chain (biomass to transpor¬ 
tation fuel) in order to demonstrate the effective pro¬ 
cess performances and reliability. Thereby the focus 
(also from an economic viewpoint) must be to achieve 
industrial reliability and technical performance (energy 
integration to achieve high efficiency/yields). 
According to this, it is attractive to build up HVO and 
BtL plants very close to crude oil refineries in order to 
use their infrastructure (e.g., with regard to hydrogen 
supply required for fuel upgrading). Moreover, existing 
biofuel concepts (e.g., for bioethanol) show the poten¬ 
tials to be a part of the so-called bottom-up approach 
for biorefinery plants that can function as 
multiproduct provider (e.g., biofuels, bulk chemicals, 
fertilizer, energy). 

Therefore, enormous R&D&D efforts are required, 
including the demonstration of the overall chain under 
industrial conditions (including wastewater manage¬ 
ment, health and safety aspects, etc.) to prove (1) effi¬ 
ciency, (2) reliability, and (3) operability, also taking 
into account lessons learned from the implementation 
of conventional biofuels [6, 9, 10]. 

Biodiesel 

Diesel based on biomass (i.e., biodiesel) can be pro¬ 
duced by means of various production routes [ 1 ]: 

• Via the physicochemical conversion by means of 
transesterification of vegetable and animal oils and 
fats; this is the most established pathway for bio¬ 
diesel worldwide 

• Via the thermo-chemical conversion by means of 
hydrogenation of bio-oils (e.g., palm oil) within 
refinery processes that are established for the pro¬ 
duction of conventional diesel fuel from crude oil; 
this is still a niche option 

Conventional Biodiesel Biodiesel production based 
on physicochemical conversion typically consists of the 


production of vegetable oil and fats via mechanical 
and/or solvent extraction (often within a combined 
process), followed by (trans)-esterification and the 
final treatment to biodiesel (Fig. 3). Today, resources 
for biodiesel are mainly vegetable oils produced from 
oil-containing crops (e.g., rape seeds, palm fruits, soy 
seeds, sunflower seeds). The oil crops (i.e., seeds and 
fruits) are characterized by a different specific total oil 
content, which are in the range of, for example, 17% for 
soy beans (with soy oil as by-product of soy meal 
production) to about 38% for rape seeds. 

Chemically, transesterification (also called alco¬ 
holysis) means taking a triglyceride molecule (i.e., veg¬ 
etable oil) removing the glycerine by substituting with 
an alcohol (e.g., methanol) and thus creating a 
so-called fatty acid methyl ester (FAME). 

There are three basic steps in the biodiesel produc¬ 
tion from oils/fats: (trans)-esterification, ester pro¬ 
cessing, and glycerine purification. Therefore, oil is 
charged to the reactor and mixed with the alcohol 
(e.g., methanol) and the catalyst (typically hydroxides 
like NaOH or KOH or their methylates). A successful 
transesterification reaction produces two liquid phases: 
(1) methylester and (2) glycerine. Once separated from 
the glycerine, the ester is washed to remove any soap 
formed during the reaction as well as the residual free 
glycerol and alcohol. The ester is then dried to remove all 
water. In some cases, the esters are distilled under vac¬ 
uum to achieve even higher purity in the fuel by remov¬ 
ing sulfur and/or phosphorus. The washing step can be 
greatly affected by the free fatty acids (FFA) level of the 
feedstock, since all the FFA form soaps in the reaction. 

To further refine the glycerine, it is neutralized with 
an acid to form salts and sent to storage as crude 
glycerine. Depending on the applied catalyst, surplus 
catalyst KOH and soaps can be split by producing, for 
example, potassium sulfate that can be applied as 
fertilizer. After the aqueous glycerine phase has been 
neutralized, the glycerine is processed further by evap¬ 
oration. The glycerine is then typically 60-88 wt.% 
pure. The glycerine can again be further refined by 
drying it in a vacuum distillation unit and then cleaned 
in a continuous adsorption unit to receive technical or 
pharmaceutical-grade glycerine (up to 99.5 wt.%). 

The excess methanol can be removed at different 
stages of the reaction - before or after the phase sepa¬ 
ration. In both cases, the methanol is recovered and 
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Principle of conventional biodiesel production 


reused using conventional equipment. Care must be 
taken to ensure that no water accumulates in the recov¬ 
ered methanol stream. 

Depending on application schemes, biodiesel plants 
are designed in different capacity scales (e.g., from 
approx. 0.5 kt/a to several 100 kt/a) and performance 
types (e.g., batch and/or continuous biodiesel processes 
with or without oil mills as annex plants). The kind 
and quality of feedstock is the decisive factor for 
the technical design of a plant and the corresponding 
material and energy flows [ 1 ]. 

Advanced Biodiesel In order to produce a biodiesel 
with more favorable properties than biodiesel based on 


the (trans)-esterification of vegetable or animal oils and 
fats (i.e., conventional biodiesel production), conven¬ 
tional refinery processes can be also applied to convert 
the same feedstock into an advanced biodiesel. 
Properties that are similar to petroleum diesel can be 
achieved by blending vegetable oils with mineral 
oil previous to their upgrading to diesel in mineral 
refineries by using the existing refinery infrastructure 
including energy, blending facilities, logistics, and 
laboratories. One option, which is currently 
implemented at commercial level is the so-called 
NExBTL process [11]. The principle of this catalytic 
hydrotreating process is shown in Fig. 4. It is briefly 
explained below. 
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Principle advanced biodiesel production 

For the pretreatment of the feedstock (e.g., vegeta¬ 
ble oils as crude oil, animal fats), conventional 
degumming technology known from vegetable oil 
processing or conventional biodiesel production is 
used to remove undesired impurities [11]. Firstly, the 
feedstock is filtered before reacting with hydrogen 
(demand approx. 0.09 GJ H 2 /GJbiodiesei [12]) and pass¬ 
ing through the catalyst beds at elevated temperatures 
and low space velocities. The hydrotreating process 
typically takes place in fixed-bed reactors at tempera¬ 
tures of approx. 350-450° C and at a partial hydrogen 
pressure of 48-152 bar. For that, standard catalysts are 
applied (such as CoMo and NiMo) [13]. During 
hydrotreating, oxygen is removed by adding hydrogen. 
Vegetable oil or animal fats (i.e., triglycerides) are 
converted into three separate branched chain paraffins. 
Oxygen in the triglyceride is removed as water and 
carbon dioxide. Side products of the process are fuel 
gas, which can be used for energy and a small amount 
of biogasoline. The main product NExBTL has similar 
chemistry and properties to the synthetic BtL fuels 
(e.g., Fischer-Tropsch diesel). The mass specific bio¬ 
mass conversion rate is - depending on the feedstock - 
approx. 1.23 tf ee dstock/Ibiodiesei [11, 12]. 

Bioethanol 

Bioethanol production is based on biochemical 
conversion processes (i.e., fermentation by 


microorganisms), which is also considered in the fol¬ 
lowing (Fig. 5). Currently, worldwide conventional 
bioethanol is produced by using sugar crops (e.g., sug¬ 
arcane in Brazil, sugar beet in the Europe) and cereals 
(e.g., corn in the US, wheat in Europe, cassava in Asia). 
The use of lignocelluloses offers several benefits regard¬ 
ing crop variety, feedstock costs and environmental 
impacts in the future. Technologies for conversion of 
lignocellulosic biomass to bioethanol are basically avail¬ 
able. However, currently no commercial lignocellulosic 
bioethanol plant is being operated. The development of 
cellulosic ethanol concentrates on three main regions: 
the US, China, and Europe. Often, second-generation 
plants (biochemical) are planned as annex facilities to 
conventional plants. In addition to biochemically 
fermented ethanol, bioethanol can be produced as syn¬ 
thetic fuel by thermo chemical conversion (Fig. 5). 

Conventional Bioethanol When using cereals, the 
first step within the conversion plant is a milling sta¬ 
tion. Here, the flour is mixed with water and recycled 
thin stillage to form a mash. By adding enzymes and 
a thermal treatment at temperatures between 60° C and 
90° C, the starch in the mash is broken down to glucose. 
The sugar solution, originating from the saccharifica¬ 
tion is cooled down and is transferred to the fermen¬ 
tation vessel. The alcoholic fermentation is realized at 
35°C, which is the optimum temperature for the 
metabolism of the fermenting yeast. Within the fer¬ 
mentation step, glucose is metabolized by yeast to 
form ethanol, C0 2 , and biomass. The C0 2 resulting 
from the fermentation process is discarded to the envi¬ 
ronment or can be used to carbonate soft drinks. 

After fermentation, raw bioethanol needs to be 
treated by distillation and final purification (dehydra¬ 
tion). In the process of distillation, the alcohol 
contained in the mash (concentration of up to 5 wt.% 
[14]) is separated based on a multistage distillation/ 
rectification using steam. Beside water, several other 
substances are removed from the ethanol. Furthermore, 
the coproduct mash is gained as distillation residue. The 
main desired product of the distillation process is azeo¬ 
trope ethanol with a maximum purity of 97 vol.%. The 
subsequent process of dehydration is used for further 
concentration of ethanol (to achieve an alcohol concen¬ 
tration of at least 99.8 vol.%). For that the method of the 
molecular sieves has detached the older membrane and 
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Principles of bioethanol production 


entrainer distillation. The use of the molecular sieves 
also allows the dehydration of ethanol with a purity of 
down to 85 vol.%. Thereby it is possible to save energy in 
the process of thermal rectification [15-17]. 

Apart from concentration of the ethanol, the bot¬ 
toms of the distillation column (stillage) have to be 
treated. The stillage is virtually free of ethanol, but 
contains soluble and insoluble organic and even some 
inorganic material. The first treatment step consists of 
a mechanical separation with a decanter, which yields 
the thin stillage and a decanter cake [18]. Half of the 
thin stillage can be recycled to the initial mashing 
process, whereas the rest is fed to a series of two evap¬ 
orators, in order to further concentrate the soluble 
substances to syrup. Finally, syrup and decanter cake 
are blended and dried to reduce the water content. 
The product of this drying step is marketed as DDGS 
protein fodder (digesters dried grains with solubles). 

Lignocellulosic Bioethanol For the following pro¬ 
cess stages, the lignocellulosic feedstock is pretreated 


and grinded to a small particle size of approx. 1-3 mm. 
Depending on the kind of hydrolysis used in the fol¬ 
lowing procedure, a drying of the treated material to 
a humidity of less than 10 wt.% may be necessary [ 15] . 

To make the sugars available for the fermentation 
step, hydrolysis (i.e., saccharification) is carried out. The 
first step of hydrolysis contains the release of fermentable 
monosaccharides C 5 (i.e., xylose, arabinose) and C 6 
(i.e., hexose, glucose) from cellulose and hemicellulose. 
The second step of hydrolysis is typically based on an 
enzymatic decomposition of the cellulose molecules. 
Alternatively, a single step process using concentrated 
hydrochloric and sulfuric acid could be used for cellu¬ 
lose extraction. Moreover, enzymatic procedures are 
still in the progress of development [14, 15]. 

In the next step, the sugars gained from hydrolysis 
are used as feed for the following process of fermenta¬ 
tion. The remaining lignin could be used as a fuel for 
the production of process energy. Depending on 
the plant used, the process of fermentation takes 
between 2 and 5 days. Afterwards, the used mash 
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contains 10-15 vol.% of ethanol. For process control, 
the used auxiliary materials are important (e.g., acids 
for the pH-value and ammonia for nutrient supply of 
yeast). These requirements in connection with an 
appropriate temperature are the basis of the yeast 
enzyme production and therewith of the glucose con¬ 
version to ethanol and carbon dioxide. For the fermen¬ 
tation of lignocellulose, the commonly used yeast is 
suitable only to a limited extent. From the contained 
sugar spectrum, only glucose, as a monomer compo¬ 
nent of the cellulose molecule, can be fermented to 
bioethanol. Based on biotechnological methods, new 
approaches for the fermentation of the whole sugar 
spectrum produced from lignocellulosic biomass have 
been developed over the last years [7, 14]. 

The additional steps for ethanol concentration are 
basically the same like for conventional bioethanol. 

Synthetic Biofuels 

The production of synthetic fuels (i.e., “designer fuels” 
with clearly defined properties) is characterized by 
three main steps to be performed after appropriate 
biomass pretreatment: 

1. Gasification of lignocellulosic biomass to a raw gas 

2. Cleaning and conditioning of raw gas to 
synthesis gas 

3. Catalytic synthesis of this gas to synthetic biofuels 
(e.g., Fischer-Tropsch fuel, methanol (MeOH), 
dimethylether (DME), and synthetic natural gas 
(SNG)) 

4. Final product treatment 

In the following, Fischer-Tropsch fuel (FT), 
biomethanol (MeOH), and dimethylether (DME) are 
briefly introduced. The principle is shown in Fig. 6. 

Despite of a long history of the development of 
a broad variety of system elements as well as system 
layouts for the provision of liquid and/or gaseous fuels 
via biomass gasification, no market breakthrough has 
been realized so far. One reason is, for example, diffi¬ 
culties in combining different system elements to an 
overall turnkey plant. Additionally, some system ele¬ 
ments are still under development. For an efficient pro¬ 
duction of synthetic biofuels with regard to “economy 
of scale” within the conversion plant as well as 
the minimization of the biomass transportation costs, 


conversion concepts of a medium to large scale are 
required. Such a medium to large scale is necessary to 
provide sufficient amount of raw gas for gas cleaning/ 
conditioning and fuel synthesis as well as to produce this 
gas via gasification at economically justifiable costs. 

Regarding biomass pretreatment for gasification, 
mechanical-thermal biomass treatment (e.g., chipping 
and drying of solid biofuels) is mature. Processes to 
produce intermediate products that can be more easily 
transported and handled for gasification (i.e., pyrolysis 
and torrefaction) are still in a pilot/demo stage. Despite 
the scale of a gasifier, no gasification system is a priori 
appropriate for biomass. Among other criteria, chem¬ 
ical characteristics and physical and mechanical prop¬ 
erties of the utilized biomass are of importance. 
However, all reactors for biomass gasification (e.g., 
fluidized bed reactors, entrained flow reactor) are still 
in an R&D stage up to now. Furthermore, previous 
developments on gasification were mostly not focused 
on synthesis gas production but rather on the provision 
of a product gas intended to be used for heat and power 
generation. 

Depending on fuel synthesis, specific qualities of 
synthesis gas at constant compositions and large 
amounts have to be provided (e.g., for the production 
of 100-1,000 m 3 STP /h of FT). Quality criteria are, for 
example, a certain degree of gas purity and a specific 
H 2 /CO ratio. Because so far no gasification system 
meets these requirements, appropriate gas cleaning 
and conditioning system have to be applied. During 
gasification, besides the main components (CH 4 , H 2 , 
CO and C0 2 ) also impurities are generated such as tars, 
coarse and fine particles, sulfur compounds, alkalis, 
halogen and nitrogen compounds, as well as heavy 
metals. Their quantities vary depending on the gasifi¬ 
cation process as well as the type of biomass. For raw 
gas cleaning, either low temperature wet gas cleaning 
or, alternatively, hot gas cleaning can be applied. The 
effectiveness of wet gas cleaning (e.g., cyclone and filter, 
scrubbing based on chemical or physical absorption) 
has been well proven for large-scale coal gasification 
systems. Contrary to that, not all elements of hot gas 
cleaning (e.g., tar cracking, granular beds and filters, 
physical adsorption or chemical absorption, ZnO-bed, 
physical absorption) are of mature technology yet. 
Nevertheless, hot gas cleaning offers benefits for the 
overall energy balance and with regard to the avoidance 
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Principle thermochemical synthetic biofuel production 


of contaminated sewage. For gas conditioning, avail¬ 
able system components can be applied: hydrocarbons 
in the product gas can be converted by means of an 
additional steam or autothermal reforming step 
resulting in a higher H 2 /CO ratio. To achieve the 
required quality for fuel synthesis, the water-gas CO 
conversion is conducted as final step of synthesis gas 
production [19]. 

The production of synthesis biofuels primarily 
differ regarding a catalytic exothermic synthesis and 
product upgrading: 

• Fischer-Tropsch (FT) fuels. FT synthesis is 
a polymerization process at low temperature 
(200-240°C) whereby synthesis gas is liquefied 


into hydrocarbon chains of different length. This 
synthesis is catalyzed either by iron- or cobalt-based 
catalysts. This conversion can be operated in a “full- 
conversion” or a “once-through” operation mode 
by using either tubular fixed bed or slurry bubble 
column reactor at an operating pressure range from 
20 to 40 bars. The FT raw products consist of a wide 
spectrum of light hydrocarbons (C 1 -C 4 ), naphtha 
(C 5 -C 10 ), the main product FT diesel (C n -C 20 ), 
and waxes (C 21+ ) that need to be separated after¬ 
wards. Naphtha is a gasoline fraction of minor value 
and is used as a resource for the petrochemical 
industry. It can be upgraded to motor applicable 
gasoline by isomerization. Wax upgrading is done 
by hydrocracking. Within this catalytic oil refinery 


































120 


Biofuels: A Technical, Economic and Environmental Comparison 


process, long-chained hydrocarbons are split into 
the desired diesel and middle distillates in the pres¬ 
ence of hydrogen [20, 21]. 

• Methanol The operating pressure of methanol syn¬ 
thesis ranges from 45 to 100 bar and the tempera¬ 
ture from 220°C to 280°C. Catalysts needed to steer 
the conversion process are based on copper, zinc, 
and aluminum oxide. Like within the FT synthesis, 
in the methanol synthesis two reactor types are 
commonly used: (1) fixed-bed reactors (e.g., ICI- 
quench reactor, isothermal reactor, Linde- 
isothermal reactor, multiple-bed reactor) or 
(2) slurry reactors (e.g., suspension/slurry reactor). 
Within the synthesis, several by-products (e.g., 
DME, alkalis, ethanol, propanol, butanol) are gen¬ 
erated in addition to the methanol fraction, which 
appear gaseous together with unconverted syngas 
fractions. For separating higher hydrocarbons from 
the product gas stream, an oil separator is used. 
Afterwards the raw methanol is separated by con¬ 
densing, stored and upgraded in a distillation 
column [22-24]. 

• Dimethylether. DME can be produced via direct 
synthesis or via indirect synthesis over the interme¬ 
diate product methanol. For large-scale application, 
the fully integration of the two process steps, meth¬ 
anol and DME synthesis (i.e., direct synthesis), is 
very advantageous and the best choice for DME 
production in terms of efficiency; but this option 
is still within the R&D stage. Classically two meth¬ 
anol molecules react to produce DME and water, 
which is removed. The reaction takes place at tem¬ 
peratures of about 250-300°C. Commonly fixed- 
bed reactors without any special internal heat 
exchangers are used. Stoichiometric efficiencies of 
about 86-88% referring to the raw methanol can 
be reached. Besides water and undissolved gases, 
the generated raw DME contains little amounts 
of ether compounds and alcohols. The gases can 
easily be removed by reducing the pressure. 
Subsequently follows the final product cleaning by 
distillation [20]. 

Biomethane (via Biogas and Bio-SNG) 

The gaseous fuel biomethane can favorably be applied 

as a substitute for natural gas. This gas is produced 


either through the biochemical conversion of biomass 
with a subsequent gas upgrading or through the ther¬ 
mochemical conversion of solid biomass via gasifica¬ 
tion with subsequent gas cleaning, methanation, and 
product gas upgrading. 

In the following (Fig. 7), these two processes are 
briefly described. 

Biogas Biogas production is based on anaerobic fer¬ 
mentation, which requires a substrate pretreatment. 
On their way into the fermenter, the substrates undergo 
the following steps: (1) the delivery to the plant, (2) the 
storage, (3) the upgrading (e.g., homogenization), and 
(4) the transportation from the storage to the fermen¬ 
ter [25, 26]. 

For the biogas production by anaerobic fermenta¬ 
tion, a broad variety of different kinds of biomass can 
be used (e.g., liquid and pasty substrates such as 
manure, bio waste, maize silage, and wastewater). Dur¬ 
ing this biochemical degradation process, organic 
material is decomposed in an oxygen-free atmosphere 
by several types of bacteria that produce a gas 
containing approximately 50-66% methane (CH 4 ) 
and 33-50% carbon dioxide (C0 2 ) plus some impuri¬ 
ties (e.g., sulfur compounds like H 2 S) of minor impor¬ 
tance and water vapor. Digestion is a complex 
metabolism chain, whereby each step is characterized 
by the attendance of special bacteria. 

In order to feed biogas into the gas grid, the raw 
biogas has to undergo cleaning and upgrading process 
steps that include biogas purification from trace com¬ 
ponents (primarily H 2 0, H 2 S, and NH 3 ). Moreover, 
the heating value, Wobbe index, and other parameters, 
which highly depend on the CH 4 content, need to be 
adjusted to pipeline specifications by removing C0 2 . 
Some technologies enable the removal of H 2 S and C0 2 
in parallel. However, the relevance, feasibility, and 
sequence of the different cleaning and upgrading pro¬ 
cesses depend on the specific gas composition and 
pipeline specifications. Upgrading technologies for 
biogas result mainly from technological applications 
from the natural gas sector where partly comparable 
upgrading tasks have to be solved, but at a by far larger 
scale. Main technologies, where already experiences in 
practice exist, are, for example, water scrubbing, 
pressure swing adsorption, and chemical absorption 
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Principle of biochemical {left) and thermochemical {right) biomethane production 


Biomethane 

(Bio-SNG) 


(e.g., amine washing). Generally, it has to be stated that 
all processes available on the market pledge to reach 
a biomethane quality of more than 96% methane con¬ 
tent and a methane loss with less than 3% [27]. 

Bio-SNG The SNG production is characterized by 
the possibility that relatively small conversion units 
with capacities in a range of 10 up to several 
100 MW th biomass input can be used. Thus, the con¬ 
version of locally available lignocellulosic biomass is 
possible to minimize the feedstock provision costs. 
The production of synthetic biofuel, electricity, and 


heat (so-called tri-generation) allows high overall effi¬ 
ciencies (e.g., high GHG mitigation potential) within 
the entire production process. Compared to the pro¬ 
duction of BtL-fuels (like Fischer-Tropsch fuels) the 
SNG production system is characterized by lower tech¬ 
nical and financial risks due to a technology that is less 
complex (e.g., synthesis and fuel treatment) and basi¬ 
cally smaller units can be used [28]. 

Regarding technology aspects, process steps such as 
biomass pretreatment, gasification, as well as gas treat¬ 
ment for synthesis are basically similar to that of the 
other discussed synthetic biofuel options. They have to 
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be adjusted; especially the methanation requires high 
gas purity grades (nearly sulfur free gas) and a specific 
H 2 /CO ratio. 

At present, only the methanation of cleaned and 
conditioned gas out of coal is state of the art (e.g., SNG 
plant in US North Dakota with a capacity of 1.5 GW sng 
[ 29]). However, the methanation of gas generated out 
of biomass is under investigation in several test facilities 
and show up good results (e.g., energetic efficiencies of 
about 80%). For a fast and effective conversion, nickel - 
or copper-based catalysts are used for the exothermal 
methanation at a catalyst-specific temperature level of 
200-450°C and pressures up to 50 bar. For managing 
the heat, currently several reactor concepts are in use or 
under investigation: (1) multiple fixed-bed reactors in 
one row with intermediate cooling or (2) fluidized-bed 
reactors with internal heat exchangers. Another 
heat management option is to recycle cold gas and to 
refeed it into the methanation [30]. The methane 
content after methanation is in a range of approx. 
40-45 vol.%. 

For bio-SNG upgrading to biomethane, basically 
the same is valid as shown for biogas upgrading. How¬ 
ever, for C0 2 separation, typical large-scale technolo¬ 
gies such as physical absorption processes (e.g., Selexol, 
Rectisol) and amine scrubber are applicable. Pressure 
swing adsorption can be used for final gas drying. 

Biohydrogen 

Hydrogen is basically used as raw material in chemical 
industries. Due to increasing environmental require¬ 
ments and consumption of this industry (especially 
petrochemistry and refineries), the worldwide hydro¬ 
gen demand is forecasted to increase annually with 
5-7% [31]. While currently hydrogen is produced 
from fossil fuels, in the long run, renewable sources 
need to be the fundament of hydrogen production. 
Thereby the hydrogen production via thermo chemical 
biomass conversion (Fig. 8) seems to be one promising 
perspective. At present, this process is under investiga¬ 
tion at the state of pilot plants [32]. 

Also for hydrogen production, the various process 
steps (such as biomass pretreatment, gasification, and 
gas cleaning) are similar to that described above. How¬ 
ever, gasification and gas cleaning have to be adjusted 
to generate a hydrogen-rich gas. 


Within the conversion of biomass into hydrogen, 
no synthesis step is needed. Thus, the gas conditioning 
to increase the hydrogen content of the producer gas 
is quite important. For this purpose, two process 
steps can be applied: (1) an optional reforming step 
(e.g., via an endothermic steam reforming or an 
autothermal reforming) and/or (2) a water-gas shift 
step. During water-gas shift reaction, part of the 
CO are converted into H 2 and C0 2 by addition of 
water-steam [33, 34]. 

In general, the first subsequent gas cleaning step is 
the water removal through condensation. In the fol¬ 
lowing, the gas is cleaned by pressure swing adsorption 
(PSA). The PSA uses the different partial pressures of 
the gas components to adsorb undesired components. 
Remaining tail gas can be used for the process heat 
supply [35, 36]. 

For the final use of the produced hydrogen, the 
energy density has to be increased. For this purpose, 
there exist two common possibilities: (1) multistep 
hydrogen compression from about 13 to 30 bar to at 
least around 250 bar and (2) hydrogen liquefaction to 
a higher density at final temperature of —253°C and 
a pressure of 1.2 bar by cryogenic procedures with an 
energy demand of 10 kWh/kg H2 [37]. 

System-Technological Assessment 

Based on the technology characteristics, the biofuel 
options outlined above are compared based on criteria 
regarding biofuel production (i.e., stage of develop¬ 
ment, technical effort in terms of system complexity, 
expected plant capacity, and overall efficiency) and 
criteria regarding infrastructure and end use in vehicle 
fleets. With regard to European conditions, a summary 
is shown in Table 1. 

According to Table 1, each biofuel option shows 
different benefits and bottlenecks along the overall 
production pathway. Conventional biofuel options 
are already established technologies and hold a certain 
market share. Most of the future options are in a pilot 
(i.e., bio-SNG) or demonstration (i.e., lignocellulosic 
ethanol) phase, with only advanced biodiesel and bio¬ 
gas being already commercially available. Future 
options are linked to upscaled plant capacities that 
would allow benefiting from economies of scale and 
thereby balance the increased capital investments; in 
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Principle of thermochemical biohydrogen production 


return, however, such large facilities pose logistical 
complexities in terms of biomass supply, storage, and 
handling. Furthermore, all synthetic fuels are linked to 
increased technical complexity, due to the various steps 
for their production (i.e., gasification, gas cleaning, 
synthesis), a fact which also reflects to the final overall 
efficiency of the processes. 

Considering infrastructure, lignocellulosic ethanol 
has the advantage of the same treatment steps following 
fermentation like conventional bioethanol (i.e., distil¬ 
lation, purification); therefore, its production could be 
established adjacent to existing ethanol facilities. 
Advanced biodiesel and Fischer-Tropsch diesel show 
very good technical properties that allow them to be 
blended at any percentage with conventional diesel 
without the need for modifications. From that point 


of view, they are considered very promising in terms of 
infrastructure suitability. This applies also to the 
biomethane options since both a natural gas grid is 
already broadly in place and natural gas vehicles are 
continuously increasing their fleet. The least promising 
option as it appears from Table 1 is biohydrogen, 
which requires both high technical effort in terms of 
production and special vehicle infrastructure (i.e., 
fuel cells). 

Economic Assessment 

With regard to requirements for a successful market 
implementation of future biofuel options, the consid¬ 
eration of economic aspects include the investigation of 
capital investment requirements, biofuels production 
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Biofuels: A Technical, Economic and Environmental Comparison. Table 1 Comparison of biofuel-specific system 
technology aspects 



Biomass conversion to biofuel 

Infrastructure and use of biofuels 

Biofuel option 

Current state of 
technology 

Technical 

effort 3 

Plant 

capacity 6 

Overall 

efficiency 0 

Availability 

distribution 

Blend to 
fossil fuels 

Availability 

vehicles 

Conventional 

Biodiesel 

+++++ 

++++ 

++++ 

+++ 

+++++ 

++++ 

++++(+) 

Bioethanol 

+++++ 

+++ 

+++ 

++(+) 

+++ 

++++ 

++++(+) 

Future 

Advanced 

biodiesel 

++++ 

+++ 

++ 

+++(+) 

+++++ 

+++++ 

+++++ 

Bioethanol 

(lignocelluloses) 

+++ 

++ 

++(+) 

++ 

+++ 

++++ 

+++(+) 

Biomethane/ 

biogas 

++++ 

+++(+) 

++(+) 

+++ 

+++ 

+++++ 

+++(+) 

FT fuels 

++ 

+ 

+ 

+(+) 

+++++ 

+++++ 

+++++ 

Biomethanol 

+(+) 

++ 

++ 

++ 

++ 

++ 

++ 

Dimethylether 

++ 

++ 

++ 

++ 

+ 

+ 

++ 

Biomethane/ 

bio-SNG 

++ 

++ 

+++ 

+++ 

+++ 

+++++ 

+++(+) 

Biohydrogen 

+(+) 

++ 

++ 

++ 

+ 

+ 

+ 


Legend: +++++ very promising, +++ promising, + unfavorable 

a ln terms of complexity of biofuel production (i.e., from biomass treatment to final product) 

b ln terms of biomass input and flexibility regarding capacity as indicator for suitable plant locations 

c (Concept-specific) energetic net efficiency (base current development stage, theoretical considerations) 


costs, and well-to-wheel costs (WTW) at European 
conditions. This is done for the different future biofuel 
options in comparison to costs for the conventional 
biofuels (i.e., biodiesel and bioethanol). 

Basic Approach 

Typically, economic assessment is aimed to compare 
different cost alternatives in order to identify relative 
advantages and determine important influencing fac¬ 
tors. Especially with regard to assessing biofuel produc¬ 
tion costs, dynamic partial models (e.g., based on 
annuity) can be favorably applied since the accuracy 
is higher compared to static partial models due to 
a periodic accounting. The specific cost parameters 
relevant for biofuel production as well as the basic 
approach on the annuity model is presented in Fig. 9. 


Capital Investment Requirements 

Total capital investment (TCI) requirements of biofuels 
production plants are highly important with regard to 
financial risks on the one hand side and - as it is the 
case for more complex biofuel concepts - biofuel pro¬ 
duction costs on the other. 

The determination of total capital investment costs 
is based on estimations (accuracy of approx. 20-30%) 
including the method of additional or overhead costs. 
According to this, plant equipment costs have been 
determined by up- or downscaling (typical scale factor 
of approx. 0.7) of existing costs data for similar devices. 
Moreover, component-specific installation factors 
(e.g., 1.54-1.66) have to be taken into account. For 
some components literature data are available; for 
some components (e.g., that are currently in pilot 
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Biofuels: A Technical, Economic and Environmental Comparison. Figure 9 

Model for cost calculation of biofuel production costs 


stage) only rough estimations of technology developers 
are available. The investment cost figures given were 
calculated with references from literature. An overview 
of rough estimations on total capital investment for 
future biofuel production plants is summarized in 
Table 2. 

With regard to economy of scale, specific total 
capital investment typically decreases with increasing 
plant capacity. However, there is a continuous cost 
increase in the engineering and construction indus¬ 
tries, which cannot be reflected at all. The price 
development of chemical plants and machinery (that 
also applies to biofuel production plants) is commonly 
indexed by means of the so-called Kolbel-Schulze 
methodology. According to this price index, the 
total capital investment for chemical plants has 
been increased by approx. 35% in the period from 
2000 to 2007. 

Biofuel Production Costs 

Production costs of future biofuels have been 
analyzed for exemplary concepts at a database of the 
time horizon of 2005. The results are summarized in 
Fig. 10. 

As the results of the economic analysis reveal, bio¬ 
fuel production costs show significant differences. 


Based on GJ fuel equivalent (FE), biomethane options 
(SNG and biogas) are the most favorable. The sensitiv¬ 
ity analyses - carried out for the determination and 
optimization of cost components that influence the 
total biofuels production costs - show that feedstock 
costs (cf. Fig. 11), capital requirements, and the annual 
full load hours of the plant are strongly important. 

Costs for conventional biofuels depend primarily 
on the prices of agricultural crops, which are relatively 
volatile and dependent on factors like climatic condi¬ 
tions, agricultural policies, intensification, and mecha¬ 
nization of production. On the other hand, future 
biofuel options may benefit from the use of residues 
but this advantage is partially outweighed from the 
increased supply costs and the more complex logistical 
aspects as well as the increased capital investments 
of large facilities. According to the fact that biomass 
supply depends largely on region-specific conditions, 
cost for the provision of biomass to the plants can be 
from 10% to 60% of total biomass supply (i.e., pro¬ 
duction and provision) costs depending on the favor¬ 
able location of the plant and the infrastructure to 
reach it. 

It is expected that biofuel production costs will 
moderately increase in the future due to rising energy 
prices with expected price effects (e.g., opportunity 
costs for feedstock providers in the multi-sectoral 
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Biofuels: A Technical, Economic and Environmental Comparison. Table 2 Overview of total capital investment for 
selected biofuel options (based on [6, 14, 16, 20, 38, 39]) 


Biofuel 

option 

Basic plant equipment 

Typical 

(expected) plant 
size (MW biofuel ) 

Total capital 
investment 
(mn EUR) 

Specific total 
capital investment 
(EUR/kW biofuel ) 

Conventional options 

Biodiesel 

Feedstock refinery, (trans)-esterification, 
biodiesel washing, by-product cleaning, and 
upgrading (e.g., glycerine, sulfates, methanol 
recovery), auxiliaries 

4-190 

0.9-65 

190-340 

Bioethanol 

Feedstock pretreatment, hydrolysis/ 
saccharification, fermentation, distillation/ 
rectification, final upgrading, by-product 
treatment (e.g., DDGS, bagasse), auxiliaries 

7-220 

16-300 

1,360-2,290 

Future options 

Advanced 

biodiesel 

Feedstock refinery, hydrogenation, product 
separation, auxiliaries 

105-1,030 

>100 

390-470 

Bioethanol 

Feedstock pretreatment, hydrolysis/ 
saccharification, fermentation, distillation/ 
rectification, final upgrading, by-product 
treatment (e.g., lignin), auxiliaries 

15-185 

30-325 

1,800-2,000 

FT fuels 

Feedstock pretreatment (e.g., mechanical, 
pyrolysis, torrefaction), gasification, gas 
cleaning and conditioning, FT synthesis, FT 
upgrading (e.g., hydrocracking), by-product 
treatment (e.g., naphtha), auxiliaries 

>130-220 

430-1,000 

2,300-3,480 

Biomethanol 

Feedstock pretreatment, gasification, gas 
cleaning and conditioning, methanol 
synthesis, product upgrading (e.g., 
separation), auxiliaries 

126-270 

232-330 

1,200-1,800 

DME 

Feedstock pretreatment, gasification, gas 
cleaning and conditioning, DME synthesis, 
product upgrading (e.g., destination), 
auxiliaries 

130-340 

290-350 

1,030-2,200 

Bio-SNG 

Feedstock pretreatment, gasification, gas 
cleaning and conditioning, methanation, final 
gas upgrading, auxiliaries 

23-170 

30-170 

1,000-2,100 

Biomethane/ 

biogas 

Feedstock pretreatment, digestion, final gas 
upgrading, auxiliaries 

5-15 

7.5-23 

1,500-3,000 

Biohydrogen 

Feedstock pretreatment, gasification, gas 
cleaning and conditioning, final upgrading, 
auxiliaries 

140-450 

220-450 

1,000-1,600 


biomass market) during broad implementation of bio¬ 
fuel strategies. Crude oil and natural gas prices will 
largely determine the economic competitiveness of 
biofuels against fossil fuels and set “limits” for 


feedstock costs above which biofuels cannot compete 
with conventional gasoline and diesel. 

Based on literature and study survey, the bandwidth 
of available production costs of biofuel options is 
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Natural gas 
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Biofuel production costs vs. product costs fossil fuels [EUR/I_FE] 

Biofuels: A Technical, Economic and Environmental Comparison. Figure 10 

Exemplarily biofuel production costs vs. fossil fuels (refinery product costs) 
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shown in Fig. 12. Also other studies show that no sig¬ 
nificant cost reduction for future biofuels can be 
expected compared to biofuels of the current generation. 

Well-to-Wheel Costs 

However, for a market implementation not only bio¬ 
fuel production costs but also total driving costs relat¬ 
ing to WTW are of importance for end users. 
Therefore, with regard to the WTW biofuel costs 
involving costs of fuel distribution (i.e., via pipeline 
or tank) and vehicles costs of new private cars 
(i.e., in combustion and hybrid engines, fuel cells, 
here estimated referring to [39]), the following results 
(Fig. 13) can be indicated per vehicle kilometer. 

According to this, the differences in biofuel produc¬ 
tion costs will be lowered in terms of total driving costs 
as - except for fuel cell application - there is a similar 


cost range for all biofuels, primarily dominated by 
vehicle use costs. The costs for biofuel distribution 
play only a minor role. For a number of reasons (e.g., 
immature large-scale production), the biofuels of the 
future generation are significantly more expensive 
when compared to conventional oil-derived fuels such 
as diesel at total driving costs of approx. 0.33 €/km. 

Environmental Assessment 

The favorable political environment of the recent years 
has led to an increasing use of biofuels in the worldwide 
transportation sector. This development is mainly 
driven by concerns about the security of energy sup¬ 
plies and the intention to mitigate anthropogenic 
greenhouse gases (GHG). However, recently, the sus¬ 
tainability of a broad biofuel production and use has 
been strongly questioned. 
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Crude oil price [USD/brl] 
(Reference axis for product price fossil fuels) 
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Biofuels: A Technical, Economic and Environmental Comparison. Figure 11 

Exemplarily biofuel production costs depending on feedstock costs and in comparison to mineral oil fuel product costs 
(typical bandwidth approx, feedstock prices: vegetable oils 600-1,200 €/t, cereals 100-250 €/t, molasses 10-120 €/t, 
wood 50-150 €/t, straw 0-90 €/t, maize silage 25-30 €/t, based on [6, 40, 41]) 


To secure especially the reduction of GHG 
emissions due to the use of biofuels in comparison to 
fossil fuels and a general sustainability of a broad 
biofuel production, an expanding biomass usage 
should also always follow certain sustainability criteria. 
Next to the environmental impacts related to the 
biofuel production and usage itself, these criteria 
should also cover aspects such as biodiversity, the con¬ 
servation of ecosystems, or the protection of natural 
safeguards. 

As an additional aspect, it is obvious that an 
increasing use of bioenergy together with a rising 
demand for food might result in an expanding pressure 
on limited land resources. A possible consequence of 


this development could be the displacement of food 
production caused by the use of arable land for 
bioenergy production or an expansion of agricultural 
production (due to the constant demand for food and 
feed) into areas not previously used for crop produc¬ 
tion. Such a development might have direct and indi¬ 
rect effects. While the so-called direct land use change 
emissions can be calculated and related to a certain 
biofuel, the quantification of indirect effects is even 
more complicated. 

Within the international context, potential envi¬ 
ronmental impacts of products (e.g., biofuels) or ser¬ 
vices (e.g., driven kilometer) are often analyzed with 
the help of a so-called life cycle assessment (LCA). 
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Biofuels: A Technical, Economic and Environmental Comparison. Figure 12 

Results of studies on biofuel production costs [39, 42-49] 



Most of the available LCA studies for biofuels focus 
on the environmental impact categories global 
warming effect and the primary energy demand. 
Below a brief insight on the basics of the LCA method¬ 
ology and some exemplary results of existing LCA 
studies for biofuels are provided. 

Basic Approach 

The environmental performance of biofuels is often 
described by the LCA methodology. The LCA method 
is defined within the international standards ISO 14040 
[50] and ISO 14044 [51]. 

Since the methodology of LCA aims to quantify 
potential environmental impacts throughout the 
production, use, and disposal of products, the 
system boundaries of this investigation are very 
broadly defined. They generally comprise the 
overall product life cycle, starting with the extraction 
of raw materials (“from cradle”) through to the 
utilization of the product and the disposal of all 
intermediate or waste products (“to grave”). The 


emissions linked to all production processes along the 
product life are considered. Most LCA studies that 
investigate potential environmental impacts of biofuel 
systems cover the whole supply chain of biofuels 
(Fig. 14). 

According to the international standards ISO 14040 
and ISO 14044, an LCA consists of four major iterative 
steps: (1) the goal and scope definition, (2) the life cycle 
inventory calculation, (3) the life cycle impact assess¬ 
ment, and (4) (result) interpretation. 

The goal and scope of definition describes, among 
others, the underlying questions of the case study and the 
considered system boundaries and defines the so-called 
functional unit (e.g., 1 km driven). Additionally, the calcu¬ 
lation procedure for the consideration of possible by-prod¬ 
ucts is defined (e.g., allocation or substitution method). 

In the life cycle inventory analysis, the inputs of 
resources, materials, and energy as well as the outputs 
of products and emissions are investigated and listed for 
each intermediate step of the production chain. After 
calculation of all input and output streams, it is possible 
to identify the amount of emissions related to the overall 
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WTW costs (passenger cars) of different biofuel options 


process chain (including emissions from the production 
and use of inputs materials and energies). 

Within the phase of the life cycle impact assess¬ 
ment, the results of the inventory analysis are 
associated to specific potential environmental 
impact categories (e.g., global warming potential) with 
the help of characterization factors (e.g., the conversion 
of the different green house gas emissions (GHG) into 
C0 2 equivalent values using Intergovernmental Panel 
on Climate Change (IPCC) characterization factors). 

The last phase of the LCA is the so-called interpre¬ 
tation phase. Within this phase, the results of the life 
cycle impact assessment are discussed and conclusions 
are drawn [50, 51]. 

Comparison of Existing Results 

Most of the available LCA case studies for biofuels 
focus on the environmental impact categories global 


warming effect and primary energy demand. Some 
results published within the available studies that eval¬ 
uated greenhouse gas (GHG) emissions per driven 
kilometer (passenger cars) for conventional and future 
biofuel options are shown in Fig. 15. 

Most of the shown results have been calculated 
based on the approach of the ISO 14040 and ISO 
14044 standard. Since this standardized method is 
very flexible to allow the assessment of all different 
types of biofuels under various circumstances and 
changing conditions, this flexibility can lead to signif¬ 
icantly varying results. As a consequence, the results 
from different LCA studies are in most cases very dif¬ 
ficult to compare. This is also true for the results shown 
in Fig. 15. 

As one can reveal there are partly large band- 
widths of results for each of the different biofuel 
options. While current biofuel options show mod¬ 
erate GHG savings (in some cases the GHG 
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Example for an LCA system boundary to asses a biofuel production chain 


emissions for biodiesel and bioethanol are even 
higher than for their fossil reference fuels), results 
for advanced and future biofuels show the tendency 
to increase the GHG mitigation potential. However, 
the results for the future biofuel options have been 
calculated for theoretical biofuel production con¬ 
cepts still to be demonstrated at commercial scale 
in most cases. 

The main parameters influencing the total LCA 
result along the well-to-wheel chain are in most cases 
the production of biomass resources (especially for 
energy crops that, e.g., require mineral fertilization) 
as well as the biofuel production process (especially 
for concepts with a high demand for external 
process energy). Feedstock transport to the biofuel 
production plant as well as biofuel distribution and 
its use commonly show less negative impacts on the 
overall result. 


Table 3 summarizes the main differences between 
current and future-generation biofuels with regard to 
the aspects of land use change and land use competi¬ 
tion, feedstock cultivation, and nutrient cycle. 

Up to now the majority of the available literature 
sources do not include effects and emissions from land 
use change. Land use change can have an effect on the 
increase or decrease of carbon stored in the vegetation 
and the soil of the considered area. Therefore, especially 
the conversion of areas with a high carbon inventory 
such as primary forests into agricultural areas can lead 
to significant C0 2 emissions. The consideration of 
these effects within a life cycle analysis typically will 
result in negative results and thus in decreasing poten¬ 
tials for GHG mitigation [57]. 

However, until now international support policies 
for transportation biofuels have made no or only 
minor differentiation according to how they have 
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Literature results for GHG emissions (based on EMPA 2007 [52]; EUCAR, 2007 [39]; IE 2004-2007 [53]; IFEU 2004-2007 
[12, 46]; Viewls [49]; ZSW 2004 [54]; Macedo 2008 [55]; EU 2009 [56]) 


been produced (e.g., regarding environmental 
impacts). Thus, some governments partly support 
biofuels that have a higher negative environmental 
impact than the substituting fossil product. To ensure 
at least a minimum level of sustainability requirements 
for the production and use of biofuels, the European 
Union introduced different sustainability requirements 
and standards for biofuels defined within the recently 
published European Renewable Energy Directive 
(2009/28/EC). This directive includes standards for 
a sustainable production of the biomass needed 
for the biofuel production as well as requirements for 
a mandatory minimum GHG mitigation. According to 
this, GHG saving targets or at least a minimum GHG 


saving for different types of biofuels will be 
a mandatory requirement at a national and/or Euro¬ 
pean level in the future. 

Conclusions 

Overall, current biofuels will only provide a niche 
market (mainly covered by bioethanol and biodiesel 
until 2020). It is uncertain when next-generation 
biofuels will be a viable alternative and when sig¬ 
nificant production can be expected. It is certain 
that next-generation biofuels firstly will enter the 
market in the EU or the US before being intro¬ 
duced within developing countries. However, 
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Biofuels: A Technical, Economic and Environmental Comparison. Table 3 Main differences regarding environmental 
impacts of current and future biofuels 


Issue 

Current biofuels (first generation) 

Future biofuels (second generation) 

General database 

Database on biofuel value chains are available 
based on practical experiences 

Only limited database on biofuel value chains 
since they have not been demonstrated in 
practice at present, most of applied data 
background is based on theoretical concepts 

Land use change/land 
use competition 

Land use change has taken place 

Potential of land use change, for example, from 
degraded land to arable land 

Feedstock cultivation on arable land that 
increase land use competition with food and 
fodder production 

Potential feedstock cultivation (e.g., of 
perennials) on land which is not suitable for 
conventional agriculture; decrease of land use 
competition 

However, land is bounded for several years 
when applying perennial cropping 

Cultivation 

Intensification due to increased use of fertilizer 
and pesticides as well as increased use of 
water; thus, higher environmental implications 

Potential decrease in cultivation due to 
decreased used of fertilizer, pesticides and 
water; thus, potential to lower environmental 
applications 

Nutrient and humus 
cycles 

By-products (e.g., straw, press cake, glycerine, 
fertilizer, DDGS) can be used for farming; thus, 
potential of closed nutrient and humus cycles 

Use of the whole plant for biofuel production 
may lead to additional expenditures to achieve 
an well-balanced nutrient and humus cycle 

Usually no by-products that can be applied 
within the agricultural sector 


biofuels and bioenergy more generally have to 
increase in relevance in future in order to meet 
the energy and environment requirements in an 
efficient way. It is important to analyze and assess 
the real potentials of biofuels under consideration 
of region-specific frame conditions and sustainabil¬ 
ity criteria, since no biofuel option is suitable for all 
regions at all. 

From a technical point of view, each biofuel option 
shows different benefits and drawbacks. Thus there is no 
silver bullet for biofuel; each of them needs to be con¬ 
sidered with regard to available feedstock, surrounding 
available infrastructure, and demand of the market. 
Current options like bioethanol from sugar and starch 
as well as conventional biodiesel from oil crops and 
animal fats are market mature. Options like advanced 
biodiesel (HVO) and biomethane via biogas enter the 
market. And production concepts for biofuel option 
of the future generation are currently in laboratory 


(e.g., biohydrogen) to pilot and demonstration stage 
(e.g., bioethanol, Fischer-Tropsch fuel, dimethylether, 
and bio-SNG). Thus, further R&D&D is required with 
regard to (1) further development and use of promising 
biofuel concepts in practice, (2) upscaling to medium- 
and large-scale plants, (3) the use of approved system 
components and demonstration of efficient interaction, 
and (4) plant operability and reliability. For a successful 
market implementation, existing techno-economic bar¬ 
riers have to be overcome and capital risks need to be 
minimized. 

From an economic point of view, biofuels have so 
far required state support in order to be cost compet¬ 
itive with current fossil fuels. Feedstock production 
costs and their dependence on energy prices and cli¬ 
matic conditions are the factor that influences produc¬ 
tion costs of current biofuels the most (up to 70%). For 
future biofuels, these costs will play a smaller role, if 
residues and waste are used as feedstock but the supply 
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and handling of large amounts to upscaled facilities will 
increase the complexity of logistics and balance this 
advantage. On the other hand, dedicated cultivation 
of lignocellulosic feedstock like short rotation forestry 
will again add up to the feedstock production and 
supply costs. Furthermore, the large capital investment 
associated with large plant sizes increase the risk of 
investment; therefore, economic viability will require 
the identification of an ideal location where a secure 
market for the product and a long-term continuous 
supply of feedstock can be guaranteed. In addition to 
that, complex conversion procedures (e.g., simulta¬ 
neous C5 and C6 fermentation) increase the operating 
costs and subsequently total production costs. For all 
these reasons, future-generation biofuels are not 
expected to be cost competitive at least in the short 
term. However, ongoing research and development is 
expected to reduce the conversion costs and allow pro¬ 
duction in large commercial scale that would allow 
benefiting from economies of scale. 

From the environmental point of view, all biofuels 
need to be analyzed and assessed regarding their envi¬ 
ronmental impacts. The political introduction of sus¬ 
tainability criteria for the production and use of 
biofuels, including minimum GHG mitigation thresh¬ 
old values could lead to a promotion of biofuels with 
favorable GHG footprints. Concerning these aspects, 
especially future biofuel options based on lignocellu¬ 
losic feedstock or residues seem to be very promising. 
In general, it has to be noted that the current sustain¬ 
ability debate on biofuels is mainly focused on the 
impact category of global warming. However, an effi¬ 
cient and sustainable biofuel strategy should also con¬ 
sider other environmental aspects such as biodiversity 
and the protection of natural ecosystems. 

Future Directions 

An environmentally friendly transportation sector can 
only be realized by a combination of measures such as 
the development of new vehicle technologies, the pro¬ 
vision of new infrastructure networks, and the applica¬ 
tion of alternative fuels. Nowadays, biofuels are the 
only way to substitute fossil fuels and contribute to 
the mitigation of greenhouse gas emissions within the 
transportation sector. For these reasons, their role is 


expected to increase, reckoning at the same time that 
fossil fuels will remain the dominant fuel option in the 
near future. Medium- and long-term research is 
focused nowadays to future-generation biofuels that 
use also residual feedstock and minimize problems 
associated with current generation biofuels. Some of 
these options are in a pilot or demonstration phase 
(e.g., lignocellulosic ethanol, biosynthetic fuels) and 
research funding in an international scale in areas like 
biomass gasification and gas cleaning, methanation, 
enzymatic hydrolysis of lignocellulose, simultaneous 
saccharification of C 5 and C 6 sugars will increase the 
potential for commercial application in the years to 
come. Other options like biohydrogen are closely 
linked to the development of vehicle infrastructure 
(e.g., fuel cells, batteries) and their implementation is 
interdependent. Similarly, electro-mobility that is 
surrounded with high hopes requires the development 
of both the vehicle fleet and the infrastructure network, 
a fact that places its implementation in the long term. 
Of great importance within this context is that electric¬ 
ity is produced from renewable sources, so that electro- 
mobility actually makes a difference in the transport 
sector. 

On the biomass supply side, future research will 
focus on the sustainable use of all residue and waste 
sources for the production of future-generation 
biofuels. This will be complemented by the sustainable 
use of land for large-scale production of lignocellulosic 
crops, such as short rotation forestry or miscanthus; 
this combination should be able to secure the contin¬ 
uous supply of future-generation facilities that require 
large amounts of biomass. 

Considering sustainability of production and the 
biomass use itself, the goal for the future is to use the 
largest possible amount of the initial feedstock, in other 
words maximize the biomass use efficiency. For that 
reason, the concept of biorefineries receives nowadays 
increasing attention and is expected to be the focus of 
research in the future. Following the example of con¬ 
ventional refineries, biorefineries use biomass as feed¬ 
stock and produce an array of marketable products by 
integrating processes and processing all product 
streams. These products include biofuels, feed, food, 
heat, electricity, chemicals, polymers, and others. The 
term “biorefinery” as such is recently introduced but 
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certain facilities that have used this principle are known 
for years (e.g., pulp and paper mills). Nowadays, the 
term is expanded and used in a wider sense and 
a different number of biorefinery concepts have been 
introduced. Within this context, future goal is to inte¬ 
grate existing processes with new technologies and 
thereby increase the opportunities for a more efficient 
biomass use. 
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Glossary 

Upgraded solid biofuel is a solid fuel, which is 
produced in a technical process, using biomass as 
feedstock. 

Pelletizing is the process of compressing material into 
the shape of a pellet. 

Briquetting is a process of forming briquettes or 
compacts under pressure with bigger and other 
sizes than pellets. 

Torrefaction is a mild pyrolysis process performed at 
temperatures between 200°C and 300°C within an 
inert atmosphere. 

Hydrothermal carbonization is a process for the 
production of a solid fuel in hot pressurized water. 
Biocoal is a solid fuel produced by hydrothermal 
carbonization 

Definition of the Subject and its Importance 

For the energetic use of biomass, a number of combus¬ 
tion and gasification processes exist. Especially high 
efficient processes, often developed for the use of coal, 
have very strict fuel requirements. In many cases, 


“classical” solid biofuels (like wood logs, wood chips) 
cannot fulfill the requirements of these conversion pro¬ 
cesses. The solution is the adaption of the fuel proper¬ 
ties to meet the process requirement by a pretreatment 
step. The results are upgraded “new” solid biofuels 
suitable for highly sophisticated conversion processes. 

A second driver for biomass pretreatment is the 
increased demand for biomass as a renewable energy 
carrier. Therefore it is necessary to utilize also organic 
mass streams with low quality, e.g., leaves, bark, straw, 
and hay. Biomass pretreatment alters the transport, 
storage, and handling characteristics of solid biofuels, 
as well as their combustion and gasification properties. 
In doing so, it enables enhanced utilization routes for 
lignocellulosic biomass resources. Whilst briquetting 
and pelletizing mainly adapt physical properties of the 
fuel, torrefaction and hydrothermal carbonization 
(HTC) also change chemical properties and produce 
a more coal-like solid biofuel. 

Introduction 

For the production of upgraded “new” solid biofuel, 
three main pathways are of major importance: 

• Agglomeration as physical process including 
briquetting and pelletizing 

• Torrefaction 

• Hydrothermal carbonization as thermochemical 
processes 

Although the products are comparable, the processes 
have completely different properties. 

Briquetting is a well-known process where milled and 
often fine-particle biomass is compressed interfacially 
under high pressure. Pelletizing is a process with 
established technical equipment arising from the animal 
feed industry. By the end of the last decade, the process 
was adapted for the production of wood pellets. Today 
the pelletizing process is of great relevance for the devel¬ 
opment of alternative biomass pellets (i.e., agro-pellets). 

Torrefaction is a mild pyrolysis process performed 
at temperatures between 200° C and 300° C within an 
inert atmosphere. Torrefied biomass contains typically 
60-70% of the initial mass and 90% of the initial energy 
content (LHV). Benefits of torrefied biomass compared 
with green biomass are increased energy density 
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and homogeneity, improved grindability, pronounced 
hydrophobic character, and enhanced reactivity. 
The properties of torrefied biomass allow for the substi¬ 
tution of coal in existing gasification and combustion 
plants with low retrofitting requirements. 

Hydrothermal carbonization is performed in pres¬ 
surized hot water at 170-250°C using an acidic catalyst. 
The product is suspended in water resulting in 
additional efforts for separation and drying. Possible 
products of hydrothermal carbonization are either 
functional carbonaceous materials for a variety of 
applications or solid biofuels with properties similar 
to lignite. 

The main historical keywords for the three 
pathways are: 

• Agglomeration: 

• Briquettes are long-established upgraded solid 
fuels, especially based on coal. 

• 1970s: first small scale pellet heating units build 
in the USA. 

• Late 1970s: first pellet plants in Europe. 

• Middle/end of the 1990s: strongly increasing 
market importance. 

• Today: Wood pellets are a popular fuel for 
heating systems for households as well as for 
co-combustion in coal fired CHP-plants in var¬ 
ious especially European countries. 

• Torrefaction: 

• Last centuries: research on dry thermal 
upgrading of solid fuels based on charcoal and 
coke production. 

• Since the 1980s: scientific investigation of bio¬ 
mass torrefaction. 

• 1987: first commercial scale torrefaction plant 
by Le Bois Torrefie du Lot, a subsidiary of 
Pechiney (for economic reasons, the plant was 
decommissioned in the beginning 1990s). 

• Today: commercialization of first plants for 
pretreatment of biomass for co-firing, gasifica¬ 
tion, and pelletizing, as well as for better trans¬ 
portation and storage. 

• Hydrothermal carbonization: 

• 1913: hydrothermal transformation of biomass 
into a coal-like product described by Bergius 

• In the 1920s, 1930s and 1960s: ongoing scientific 
investigation 


• Since 1995: development of a process for the 
hydrothermal use of waste biomass like sewage 
sludge by EnerTech (USA) and Mitsubishi (Japan) 

• 2008: first pilot-plant employing the 
SlurryCarb™-process in Rialto, USA 

• Today: investigation and commercialization of 
lower temperature hydrothermal carbonization 
especially in Germany 

Pelletizing and Briquetting 

Principles 

Agglomeration is defined as a process that brings loose 
material (particles or fibers) together to agglomerated 
products with designated form and properties. Caused 
by the mechanical contact and the physical binding 
mechanisms a size enlargement compared to the original 
material is achieved whereas the free particle surface area 
is reduced. Usually, pressure agglomeration processes like 
briquetting and pelletizing are used to improve the 
mechanical and physical properties of solid biofuels. 
The main benefits of such a compressing are: 

• Improvement of the flow, the dosing and conveying 
properties of the material 

• Increase of the bulk density and for this reason 
reduction within the transport expenses 

• Removal of the risk of solidification and bridging of 
fine bulk solids during transport and storage 

• Decrease and removal of dust in the bulk good, 
reducing dust explosion risks 

• Decrease of material loss and prevention of product 
losses, e.g., caused by oxidation and microbiological 
decomposition 

• Stabilization and homogenization of heterogeneous 
mixtures of materials, e.g., for the development of 
blended pellets 

• Improved thermal and combustion properties 

Briquetting is a common process where milled and 
fine-particle biomass is compressed interfacially under 
high pressure. The friction between the material and 
the press mold releases heat, which activates the bind¬ 
ing forces between the particles. The feasibility of 
briquetting depends on the plasticity of the biomass. 
The harder and more brittle the material is, the more 
binding agents are needed to form bridges between the 
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particles. The addition of binding agents is mostly not 
required for biomass briquetting [1]. 

Pelletizing is another process for the agglomeration 
of biomass, where grinded biomass is compacted to 
pellets by pressure agglomeration. Similar to the 
briquetting process, the material needs to be plastic or 
deformable. Friction between the material and the fric¬ 
tion channel leads to heat release responsible for the 
activation of binding forces. Additionally, the material 
needs an adequate moisture content, which in the 
easiest case can be achieved by adding water. 

Depending on the feedstock and the agglomeration 
process different binding mechanisms and forces are 
relevant for the adhesiveness of individual particles 
(Fig. 1). The understanding of these binding mecha¬ 
nisms during pressure agglomeration is important 
since optimal particle and fiber bonds in agglomerates 
cause good physical and mechanical properties. Major 
binding mechanisms are [2-4]: 

• Solid bridges caused by sintering, partial melting, 
chemical reaction, recrystallization of dissolved 
substances, hardening binders etc. 

• Adhesion and cohesion forces by non-free-moving 
liquids, highly viscous binders, and adsorption 
layers (<3 nm thickness) 

• Adhesion, surface tension, and capillary pressure 
by free-moving liquids in pendular, capillary, or 
funicular state 
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Illustration of selected binding mechanisms [4] 


• Attraction forces between solids - molecular forces 

like van der Waals forces, free chemical bonds and 

associations 

• Interlocking bonds 

The agglomeration of fiber material like wood and 
herbaceous biomass is mostly based on interlocking 
bonds. Caused by pressure agglomeration the fibers 
twist, weave, and bend around each other forming 
a kind of mesh. Additionally, the formation of 
interlocking bonds is favored because of the high pore 
volume. Agglomerates like woody and herbaceous pel¬ 
lets, which mainly stick together by interlocking bonds 
and which are formed by pressure agglomeration, do 
not require the use of binding agents during the 
agglomeration process. However, binders reduce the 
abrasion of dies as well as the energy consumption. 
Therefore they are often used. 

If the binding strengths achieved by the agglomer¬ 
ation process are too weak, the particle sizes are too 
large, or certain agglomerate characteristics have to be 
obtained, additives can be used. Additives are solid or 
liquid materials causing additional bindings through 
solid bridges or adhesion forces. 

Low viscous liquids like water, which is the cheapest 
and most common additive, are motile and adsorb on the 
surface of the particles. If the proportion of the liquid is 
small, individual liquid bridges develop between the par¬ 
ticles. The more fluid disperses between the particles, the 
higher the cohesion of the agglomerate becomes caused 
by the capillary pressure. Therefore, steam is used to 
produce liquid bridges forming solid bridges during the 
cooling process. Furthermore, steam preheats the mate¬ 
rial and increases the moisture content. This reduces the 
energy demand and provides higher stability [5, 6]. 

However, each process and material requires differ¬ 
ent moisture levels since too high liquid contents 
decrease the quality of the agglomerates. In contrast 
to these mechanisms, binding agents with a high vis¬ 
cosity (like molasses) inhibit the formation of capillary 
forces. Adhesion forces between the particles and the 
binding agent are formed instead. Since these forces are 
more intense, the agglomerates can be more strained. 
Additionally, binding agents can form solid bridges 
[4, 7]. Binding agents commonly used in wood pellet¬ 
izing are wheat, maize starch, and thermally treated 
starch flour [ 1 ]. 
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Pelletizing and Briquetting Processes 

Agglomeration processes consist of individual process 
steps largely similar for the production of either bri¬ 
quettes or pellets. Figure 2 presents the entire process 
chains involving several biomass conditioning and post 
treatment steps. 

The pressure agglomeration itself is achieved by 
applying external forces to particles in different shaped 
dies to form enlarged agglomerates. Table 1 provides an 
overview of established technologies. 

Briquettes are fabricated either by punch-and-die 
presses or by extrusion presses. Pelletizing is usually 
done with roller presses. These roller presses can be 
subdivided in presses with one or two rollers. Double¬ 
roller presses have been originally developed for the 
agglomeration of coal and are often used for finely 
divided solids. Because of the low retention time and 
temperatures non-biomass briquettes can be produced 
with these presses. The industrial production of wood 
pellets mainly uses roller presses generally operating with 
tree rollers; they are called pellet mills or pellet machines. 

Properties of Biomass Pellets and Briquettes 

To utilize biomass as a fuel, the chemical properties and 
the properties like heating value and water and ash 
content need to be well known. Besides these mass- 
specific properties, the mechanical-physical properties, 


which can be influenced by the compaction process, are 
of importance (Table 2). Furthermore, these properties 
are used to evaluate the quality of a compaction process 
and of the produced pellets and briquettes. 

Besides these properties, the physical properties 
of the raw material like the particle size distribution 
and the water content influence the quality of the 
compaction process. Therewith they influence the 
quality of the compressed fuels similarly to the com¬ 
paction process. 

Caused by their great relevance for combustion 
processes, the mechanical and physical properties of 
solid biofuels are standardized, like for wood pellets 
and briquettes in DIN 51731, DIN plus, or ONORM 
M 7135 (Table 3). Currently these values and standards 
are adapted on EU level in EN 14961 and its quality 
standards. Besides wood, the standard will also include 
values for nonwoody biomass pellets not regulated so 
far. Additional standardization activities have been car¬ 
ried out in some EU countries (like Austria) developing 
pre-standards like ONORM C 4000 for compressed 
Miscanthus and ONORM C 4002 for compressed 
straw (Table 4). These values are considered to evaluate 
the quality of briquettes and pellets produced out of 
other raw materials, like different straw types, hay, and 
rape press cake (Tables 5 and 6). 

The required properties of the above-mentioned 
standards can be kept if the production process is 
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Production process of pellets and briquettes 
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Biofuels: Upgraded New Solids. Table 1 Classification of agglomeration processes according to their active principle 


Punch-and-die press [8, 9] 
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- Material is compressed with high pressure in closed and differently formed 
dies 


- One or two punches are possible, usually one punch from above with variable 
travel 


- Pressure induced hydraulically 


- Low friction, no cooling required 


- Briquettes often rectangular, stackable 


Ram extrusion press [8-10] 
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- Material pushed towards a cylinder by a ram 


- Loose material is punched against already initially compressed material 


- Compression and re-expansion leads to plastic deformation 


- Good adjustment of back pressure and friction 


- Briquettes round or of orthogonal profiles 


- suitable for elastic materials 


Screw extrusion press [ 8 , 11 ] 
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Compression by single- or double-screw extruders where the pressure is 
generated by decreasing the screw thread 


- Allows high briquette qualities 


- High frictional resistance, higher energy consumption 


- Shape of the briquettes depends on extruder 
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- common for animal feed pellets 


Feed enters the press from above, falls down by gravity and is diverted evenly 
to the rollers and the track of the die 


- Even material densification, uniform extrusion 
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- Pellets are homogeneous 
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- Length adjustment by cutters underneath the die 
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Pellet mill with ring die and press rollers [ 8 , 13 - 15 ] 







































































































































Biofuels: Upgraded New Solids 


143 


Biofuels: Upgraded New Solids. Table 1 (Continued) 



- Principle similar to pellet mills with flat dies 

- Ring die is driven 

- Material enters from the front side of the ring 

- Paddles or adjustable plows and three rollers are used to deal with uneven 
material 


- Internal rollers are moved by the continuous flow of feeding material inside 
the pellet mill. 

- State-of-the-art for wood pellets 


Biofuels: Upgraded New Solids. Table 2 Mechanical and physical properties of compressed fuels with effects to 
combustion 


Parameter 

Role in compaction process 

Influence on combustion system 

Dimension 

Regulated by the dimension of the pressing 
tools 

Dimensioning of the feeding system of combustion 
plants 

Gross density 

Besides the durability an important 
measure to evaluate the quality of 
compacts 

With higher particle densities the burnout rate might be 
increased 

Bulk density 

Dependent on the quality of the 
compaction process 

Is increasing with increasing gross density;The higherthe 
bulk density the higher the energy density of the biofuel 

Amount of fines 

Dependent on the quality of the 
compaction process 

Fines cause problems in the combustion process and 
cause higher dust emissions during transport and 
handling 

Durability 

Typically used to evaluate the quality of 
produced pellets and briquettes (strength, 
amount of fines) 

Risk of failures according to blocking and ash melting by 
fines 


known. However, according to the raw material, 
the milling grade, and morphological characteristics, 
the compaction process can be difficult. Nevertheless, 
the mechanical and physical properties are not directly 
depended on the raw material. Crucial are the 
preprocessing of the raw material as well as the process 
parameters and control of the compaction. 

Influencing Parameters for Biomass Pellets and 
Briquettes 

The pellet quality is influenced by several parameters 
[9, 13, 19]. The raw material composition has the most 


severe influence on quality parameters like mechanical 
durability, bulk density or gross density, followed by 
the type of conditioning (e.g., preheating and addition 
of steam), and the milling technology (i.e., particle size 
and type of mill). The influence of the type of compac¬ 
tion is slightly smaller. Significantly lower is the influ¬ 
ence of the cooling after the compaction process. 

Raw Material and Raw Material Composition A 

wide variety of biomass can be used as raw material 
for the production of solid biofuels (e.g., energy crops 
like miscanthus, switchgrass and wood from short 
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Biofuels: Upgraded New Solids. Table 3 Values for mechanical and physical properties of the biofuels standard ONORM 
M 7135 "Compressed wood and compressed bark in natural state: Pellets and briquettes 3 " 


Parameter 

HP1 Wood 
pellets 

HP2 

HP3 Wood 
briquettes 

RP1 Bark 
pellets 

RP2 

RP3 Bark 
briquettes 

Diameter D (mm) 

4 < D<10 

10 < D<40 

40 < D < 120 

4 < D<10 

10< D<40 

40 < D < 120 

Length (mm) 

<5 x D 

<4 x D 

<400 

< 5 x D 

< 4 x D 

<400 

Gross density (kg/dm 3 ) 

>1.12 

>1.10 

>1.10 

>1.12 

>1.10 

>1.10 

Bulk density (kg/m 3 ) 

— 

— 

— 

— 

— 

— 

Mechanical durability (wt.-%) 

> 97.7 

— 

— 

> 97.7 

— 

— 

Fines < 3.15 mm (wt.-%) 

— 

— 

— 

— 

— 

— 

Binders/lubricants (wt.-%) 

<2 

<2 

<2 

<2 

<2 

<2 


a Wood and bark pressings are of various shapes and sizes. This includes the classes HP1 (wood pellets), RP1 (bark pellets) and HP3 (wood 
briquettes), RP3 (bark briquettes). HP2 and RP2 have sizes which are between pellets and briquettes: it depends on the type of 
agglomeration process. 


Biofuels: Upgraded New Solids. Table 4 Values for mechanical and physical properties of the biofuels standards for 
compressed miscanthus and straw 



ONORM C 4000 


ONORM C 4002 


Parameter 

Compressed miscanthus 

Compressed straw 


Fuel type 

Pellets 

Briquettes 

Pellets 

Briquettes 

Diameter D (mm) 

6 ± 1 , 8 ± 1 , 10 ± 1 

<60, <100 

6 ± 1 , 8 ± 1 , 10 ± 1 

<60 < 100 

Length (mm) 

<30 < 35 < 40 

<50 < 100 < 300 

<30 < 35 < 40 

<50 < 100 < 300 

Gross density (kg/dm 3 ) 

— 

— 

— 

— 

Bulk density (kg/m 3 ) 

>580 

>480 

>600 

>480 

Mechanical durability (wt.-%) 

>97.5 

— 

>97.5 

— 

Fines < 3.15 mm (wt.-%) 

<1 

<10 

<1 

<10 

Binders/lubricants (wt.-%) 

Nature and level are indicated. 

Nature and level are indicated. 


rotation coppice, biomass residues like straw, hay, and 
rape press cake). Several of these materials have been 
tested for the production of biofuels pellets [16, 20]. 
Additionally the pelletizing of wheat, barley, soy extrac¬ 
tion goat, and alfalfa for animal food applications 
have been tested [21, 22]. They observed fluctuating 
mechanical and physical properties of the produced 
pellets for different raw materials. Additionally, the 
energy demand of the pelletizing process depends on 
the raw material [23] . In general, it is more challenging 
to produce high-quality pellets out of herbaceous 


biomass than out of raw materials with a high 
starch fraction. 

Type of Compaction Most of the experiments to 
determine the influence of the die geometry as well as 
the compression force on the pelletizing process have 
been done with ring dies. Longer extrusion channels 
and smaller diameters result in a higher mechanical 
durability of the pellets but also cause higher energy 
demand. The flow rate has a linear relationship with the 
energy demand of the press [23] . Above a certain point, 
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the pellet press gets stuck and the material is carbonizes 
in the extrusion channel caused by too much friction 
and high temperatures. Generally, the densification 
ratio (i.e., the length to diameter ratio of the extrusion 
channels) needs to be higher for herbaceous biomass 
than for woody biomass, to achieve similar pellet qual¬ 
ities [13, 21, 22]. 

The compaction pressure in pellet mills is another 
important parameter influencing the pellet quality 
[22, 24, 25]. In general, the compaction pressure 
increases the bulk density of the pellets. The increased 
pellet durability has been traced back to the softening 
of lignin present in the pellet at 70° C acting as a binding 
agent. Consequently, pellets produced at 17 MPa and 
75°C are more stable than pellets formed at 55 MPa and 
room temperature [26]. Thus, the effect of the com¬ 
paction pressure on the pellet durability is not directly 
correlated and needs to be verified by further work. 


Biofuels: Upgraded New Solids. Table 5 Mechanical and 
physical properties of different biomass pellets [16-18] 


Raw 

material 

Bulk 

density 

(kg/m 3 ) 

Gross 

density 

(kg/dm 3 ) 

Mechanical 

durability 

(wt.%) 

Wheat 

straw 

479-620 

1 .12-1.22 

90.6-98.5 

Rye straw 

510-640 

1.28-1.30 

94.4-98.7 

Hay 

580 

1.17-1.21 

96.2-99.1 

Miscanthus 

480-649 

1.11-1.33 

91.1-97.5 

Rape press 
cake 

542-607 

1.11-1.13 

54.9-93.7 


Conditioning The raw material for the pelletizing 
process can be conditioned by influencing the water 
content of the raw material, by adding binders and 
additives and by preheating and steam addition. 

The optimum water content for the pelletizing process 
is different for each material. It needs to be verified and to 
be set by conditioning before the compaction. The opti¬ 
mum water content for wood pelletizing is about 12 wt.%. 
For herbaceous biomass, it is slightly higher. Experiments 
with alfalfa showed stable pellets using a raw material with 
14 wt.% water content [27,28] . Similar results have been 
achieved with reed canary grass where a water content 
of 14.9 wt.% has been optimal [29]. The water content 
is adjusted by adding water or steam. When steam is 
added to the raw material, a second positive effect is 
achieved; the material is preheated. The durability of 
blended pellets out of soy meal, ground yellow maize, 
and ground sorghum has been higher and the amount 
of fines decreased with higher temperatures at the 
conditioning process [6]. Additionally, the energy 
demand of the pelletizing process decreases with higher 
temperatures, but the overall energy demand of the 
process increased caused by the energy-intensive 
steam generation. For other raw materials, similar 
results were achieved [5, 22, 26, 29, 30]. 

The addition of binders (e.g., starchy residues like 
maize gravel, maize starch, rye flour, pea meal, 
lingosulfonate, or molasses) increases the stability of 
the pellets [22, 31-33]. Similarly, the addition of soy 
beans and pyrolysis oil showed positive binding effects 
and lowered the energy demand of the pellet mill [22] . 
Other additives (like lime, dolomite, kaolin, and 
talcum powder) are added during the pelletizing 
process to improve the combustion properties by 


Biofuels: Upgraded New Solids. Table 6 Mechanical and physical properties of different biomass briquettes [13] 


Raw material 

Length 

(mm) 

Diameter 

(mm) 

Bulk density 
(kg/m 3 ) 

Gross density 
(kg/dm 3 ) 

Mechanical durability 
(wt.-%) 

Bark briquettes 

205-277 

96 

— 

1 .02-1.11 

— 

Wheat straw 

— 

15-25 

440-493 

0.90-0.95 

95.2-99.4 

Barley straw 

— 

15-25 

318-416 

0.80-0.85 

97.5-99.0 

Hay 

— 

15-25 

412-438 

0.95-1.10 

90.2-95.0 

Miscanthus 

— 

15 

— 

1.10-1.40 

99.6 
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increasing the ash melting temperature of the pellets 
[34-36]. However, the addition of these substances 
mostly lowers the mechanical durability of the pro¬ 
duced pellets. This can be countered by adding an 
additional binder [16, 35]. 

Milling Before pelletizing, the raw material needs to 
be grinded. The type of mill and the milling grade of the 
raw material are the most important parameters. Raw 
material such as wheat, barley, and soy extraction goat 
are grinded by using a hammer mill with a 1-4 mm 
sieve insert and a roller mill with a nip of 0.75 mm [21 ]. 
The grinding with a roller mill was found to be 
unsuitable for pelletizing. The energy consumption 
was lower than for the hammer mill but the mechanical 
durability of the produced pellets was significantly 
poorer. A higher reduction ratio of the raw material 
caused a high-energy consumption of the grinding 
process but a negligible higher durability and no energy 
saving for the pelletizing process. Similarly, more finely 
grounded alfalfa resulted in more stable pellets using 
a hammer mill with 2.0-3.2 mm sieves [22, 28]. 
In contrast, pellets produced with diameters of 
10-25 mm from cut switchgrass and straw had better 
physicomechanical properties than the pellets pro¬ 
duced out of shredded biomass (0-4 mm) [26]. On 
this basis, it can just be concluded that the required 
reduction grade needs to be tested for the respective 
biomass. Indeed, with increasing pellet diameter, a less 
fine grinding might be sufficient. 

Torrefaction 

Torrefaction is a mild pyrolysis process for the produc¬ 
tion of solid biofuels. It is performed at temperatures 
between 200°C and 300°C within an inert atmosphere. 
Under these conditions, lignocellulosic biomass is 
altered to an intermediate between wood and charcoal. 
After this treatment, the biomass contains typically 
60-70% of the initial mass and 90% of the initial energy 
content referring to the lower heating value (LHV). 
The physicochemical properties of torrefied biomass 
are superior to those of the original biomass. Key 
benefits related to fuel storage, distribution, and utili¬ 
zation are: 

• Energy densification 

• Homogenization 


• Improved grindability 

• Pronounced hydrophobic character 

• Enhanced reactivity 

In the first half of the twentieth century, several 
patents established the denomination “torrefaction” 
for the underlying process without leading to commer¬ 
cial installations in that period. Not before the 1980s, 
growing interest in torrefied wood for applications in 
electrometallurgy and the domestic fuel market - 
namely, barbecue fuel - led to the construction of 
a first commercial plant in 1987 [37]. The continuous 
process involved chopping, drying, and roasting. Heat 
transfer has been realized indirectly via thermo-oil. The 
plant was in operation for a few years. 

With the beginning of the twenty-first century, 
other applications renewed the interest in torrefied 
wood. Torrefied wood pellets have been identified as 
a favorable solid biofuel addressing the market of low- 
carbon fuels for decentralized biomass cogeneration, 
biomass gasification, and co-firing in coal-fired power 
plants [38]. 

Principles 

Wood as well as herbaceous biomass is a complex 
material mainly composed of three sugar-based bio¬ 
polymers: cellulose, hemicellulose, and lignin. Each of 
them shows a different behavior during a heating up. 
Therefore, it is important to distinguish between these 
fractions to understand the thermal decomposition of 
woody and herbaceous biomass. 

Cellulose is the most common substance in living 
nature. It consists almost completely of d- glucoses 
forming an unbranched polysaccharide. On micro¬ 
scopic scale, wood cells are composed of bundles of 
cellulose, called microfibrils, forming a skeleton. Those 
bundles are coated with hemicellulose. 

In contrast to cellulose, the term hemicellulose 
subsumes numerous distinct substances. Hemicellu¬ 
lose contains many different sugar monomers 
forming a branched polymer with an amorphous 
structure. Its function is manifold, reaching from 
reinforcing cell structure up to the provision of 
a reserve substance. 

The third main green biomass component is lignin, 
a three-dimensional cross-linked aromatic biopolymer. 
Lignin subsumes different heterogeneous substances 
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that lack a defined primary structure. It acts as 
a binding agent for the microfibrils; it stabilizes and 
cements the plant structure. 

The composition of hemicellulose and lignin as well 
as the proportion between cellulose, hemicellulose, and 
lignin fractions is different for every type of green 
biomass. Table 7 summarizes the lignocellulosic com¬ 
position of different woody and herbaceous feedstocks. 
According to this, wood shows a higher lignin content 
than herbaceous biomass. Especially coniferous wood, 
often referred to as softwood, features a lignin content 
of about 30 wt.% on a dry basis. 

The thermal decomposition of biomass is con¬ 
trolled by the chemical composition of its major com¬ 
ponents. Pyrolysis of these materials proceeds through 
a series of concurrent and consecutive reactions [39]. 
Each component reacts at different rates and by specific 
pathways. The rate and extent of degradation of each of 
these components depends mainly on temperature, 
particle size, and time of exposure. 


Biofuels: Upgraded New Solids. Table 7 Composition of 
different biomass types [39-41, 43] 



Cellulose 

(wt.%) 

Hemicellulose 

(wt.%) 

Lignin 

(wt.%) 

Woody biomass, dry basis 

Deciduous wood 

40-44 

15-35 

18-25 

Coniferous 

wood 

40-44 

20-32 

25-35 

Pine 

42 

22 

30 

Spruce 

41 

24 

30 

Beech 

45 

22 

22 

Willow 

43 

22 

25 

Poplar 

48 

18 

22 

Herbaceous biomass, dry basis 

Wheat straw 

38 

29 

15 

Miscanthus 

43 

24 

19 

Reed canary 
grass (ash free) 

43 

30 

8 

Tall fescue 

25 

25 

14 

Bagasse 

38 

39 

20 


According to Fig. 3 five temperature regimes for 
the pyrolytical decomposition of biomass in the low 
temperature range up to 300°C can be distinguished. 

• Temperature regime A represents the physical 
drying of the biomass. 

• Regime B is only valid for lignin and is defined 
as a temperature zone in which softening of this 
biomass constituent occurs. 

• Regime C is characterized by depolymerization and 
condensation of the then shortened polymers. 

• Temperature regime D leads to limited devolati¬ 
lization and carbonization of the intact polymers 
and the solid structures formed before. 

• Regime E leads to extensive devolatilization and 
carbonization of the polymers as well as of the 
solid products that were formed in regime D. 

Figure 3 illustrates the different temperature 
regimes for each class of biopolymers. The blue line 
splits the torrefaction zone in a low and high temper¬ 
ature regime. Hemicellulose decomposition starts at 
lower temperatures and proceeds over a narrower tem¬ 
perature range as compared to cellulose and lignin. It is 
responsible for the main devolatilization in the 
torrefaction temperature regime of less than 250°C. 
Thereby, the reactivity of hemicellulose is depended 
on its specific composition. A significant difference 
between the decomposition of hemicellulose of conif¬ 
erous and deciduous wood can be observed [42]. The 
latter consists predominantly of xylan-based hemicel¬ 
lulose, which is much more reactive and exhibits 
a higher degree of carbonization as compared to conif¬ 
erous wood. Lignin and cellulose do not make 
a substantial contribution to mass loss so far, but 
their structure experiences chemical changes. Depoly¬ 
merization reactions lead to a fragmentation and soft¬ 
ening of the cell wall skeleton. The result is a better 
grindability of the torrefied biomass as compared to the 
raw material. 

Above 250°C, both lignin and cellulose start to 
decompose while decomposition of hemicellulose gets 
extensive. A variety of permanent gases and condens¬ 
able liquids is formed. The main gaseous species are 
carbon monoxide, carbon dioxide, water, and acetic 
acid. The reaction products remove part of both (i.e., 
the initial mass and the chemical energy represented by 
the organic part of the biomass). The decomposition 
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Biofuels: Upgraded New Solids. Figure 3 

Temperature regimes for the low temperature pyrolytic decomposition of cellulose, hemicellulose and lignin (Taken from 
[42]) 


process is considerably faster at high temperatures. 
Decomposition is not completed within typical process 
residence times. Hence, higher temperatures as well as 
longer residence time cause lower mass yields but the 
remaining solids have different properties. 

A main part of the available research work 
published so far concentrates on the influence of pro¬ 
cess parameters on the torrefaction of various biomass 
feedstocks under different conditions [ 1,40,43-48] . As 
the torrefaction characteristics in Fig. 4 indicate, reac¬ 
tion temperature and residence time are crucial for 
process design. Its choice faces a trade-off between: 
(1) high energy yields, required for good process 
efficiency; (2) substantial mass reduction, required 
for energy densification; and (3) high throughput, 
required for good process economics. The energy yields 
shown in Fig. 4 refer to the higher heating value (HHV) 


of the wood briquettes, neglecting the benefits from 
wood drying. Even so, the energy yield of torrefaction is 
always higher than the mass yield. Both higher reaction 
temperature and longer residence times cause a more 
pronounced biomass decomposition. Higher tempera¬ 
tures lead to greater differences between energy and 
mass yield as compared to longer residence times. 
With respect to process economics, it is advantageous 
to adjust the reaction temperature above 250°C, 
allowing for residence times of less than 30 min. 

Particularly, the effect of the reaction temperature 
has been examined since it is the most influencing 
parameter on process yield and product properties. 
Figure 5 summarizes experimental results for different 
types of biomass. The acceleration of mass losses for 
reaction temperatures above 250°C is in good agree¬ 
ment with the temperature regime model. 
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■ Mass (220 °C) □ Energy (220 °C) 

♦ Mass (250 °C) O Energy (250 °C) 

▲ Mass (270 °C) A Energy (270 °C) 



Biofuels: Upgraded New Solids. Figure 4 

Mass and energy yields (HHV) from the torrefaction of 
wood briquettes. Values in brackets show reaction 
temperatures. Data taken from [44] 


□ Wood briquettes (30 min) O Willow (20 min) 
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Biofuels: Upgraded New Solids. Figure 5 

Influence of reaction temperature on the mass yield of 
torrefied biomass. Values in brackets show process 
residence times. Data taken from [1, 43-46] 


Properties of Torrefied Biomass 

Torrefied biomass can be classified as an intermediate 
product between raw biomass and charcoal [44]. By 
adjusting temperature and process time, it is possible to 
make the product more or less similar to charcoal. 


The net calorific value (LHV) of torrefied biomass 
is in the range from 18 to 22 MJ/kg for herbaceous 
biomass and 20-24 MJ/kg for wood. Energy density is 
a factor of 1.2-1.3 higher compared to the raw biomass 
on a dry basis. Figure 6 shows that energy densification 
is related to an increase of the elemental carbon frac¬ 
tion, accompanied by a decrease of the molecular H/C 
and O/C ratios (Fig. 7), which is favorable for further 
utilization since less water vapor is formed, improving 
energy efficiency. 

The equilibrium moisture of torrefied biomass is 
around 3% (i.e., roughly three times less than the 
equilibrium moisture of the raw materials). Two rea¬ 
sons for the low water uptake are proposed: (1) tar 
condensation inside the pores, obstructing the passage 
through the solid, and (2) the nonpolar character of 
condensed tar on the solid, also preventing the conden¬ 
sation of water vapor inside the pores [44]. Hence, 
transportation and storage of torrefied biomass are 
easier as compared to the raw material. 

Usually, torrefied biomass is milled and pressed to 
form briquettes or pellets in order to enhance the 
handling properties. From the gasification point of 
view, a solid biofuel should be homogenous in chem¬ 
ical composition and size. Especially entrained-flow 
gasification asks for small particle sizes of less than 
1 mm. Size reduction experiments have been 
performed with untreated and torrefied biomass in 
order to determine the power consumption of 
a cutting mill [40]. According to this, power consump¬ 
tion is greatly reduced when the biomass is torrefied. 
A reduction of maximal 85% has been measured (i.e., 
the electricity required for grinding torrefied biomass 
consumes only 1.5% of the biofuel energy content 
(assuming 40% power generation efficiency) as com¬ 
pared to 12-16% in case of untreated biomass). In 
these experiments, the mill capacity for torrefied 
wood was up to 6.5 times the capacity of untreated 
wood. Additionally, particle size distribution and shape 
is more uniform for torrefied wood. 

The improvements of the grinding properties are 
caused equally by physical and chemical changes [40]. 
The chemical changes responsible for this behavior 
occur relatively fast and in the first stages of decompo¬ 
sition (temperature regimes C and D in Fig. 3). Hence, 
reaction temperatures above 250°C and residence times 
of >10 min hardly will bring further improvements. 


















150 


Biofuels: Upgraded New Solids 


□ Wood briquettes (30 min) O Willow (20 min) 

A Beech (60 min) O Pine (30 min) 

- Eucalyptus (30 min) + Wheat straw (20 min) 



Biofuels: Upgraded New Solids. Figure 6 

Fixed carbon of torrefied biomass. Values in brackets show 
process residence times. Data taken from [43-46, 49] 
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Biofuels: Upgraded New Solids. Figure 7 

Van-Krevelen diagram of raw biomass, torrefied biomass 
and coal. Values in brackets show residence time and 
reaction temperature. Biomass data is taken from [43, 45], 
coal data from [50] 


Torrefaction Plants 

Torrefaction plants integrate several mechanical and 
thermal processes (i.e., chopping, drying, torrefaction, 
cooling, milling, and compaction). If the process aims 
to produce a commodity fuel as shown in Fig. 8. 
Compaction usually means pelletizing of the torrefied 
biomass since this kind of packing provides the best 
storage and transportation properties. 

The first commercial-scale torrefaction plant was 
built in the frame of an EC Demonstration project in 
1987 in France [37]. The plant has been operated with 
forestry wood. The capacity has been 12,0001 of torrefied 
wood per year. The product was mainly used as a coke 
substitute in electrometallurgy and some was sold as 
barbecue fuel. The plant has been decommissioned in 
the early 1990s for economic reasons [42]. 

This so-called Pechiney process [37] was based on 
an indirectly heated screw reactor. The process 
consisted of three main sections: chopping, drying, 
and torrefaction. Figure 9 gives an overview of the 
different basic process units and their interconnection. 

Forestal wood with typically 40% moisture content 
was first chopped and screened. The wood fines were 
burned to supply heat to thermo oil circulating 
between the torrefaction reactor and the boiler. The 
remaining wood chips were dried to 10% moisture 
content before being fed into the torrefaction reactor. 
Hot air from the combustion of the torrefaction gas 
was used for this purpose. 

The reactor was developed as a post-dryer for 
solids requiring homogeneous product moisture con¬ 
tent. The size of that kind of reactor is typically 
determined by the heat duty, as the area for heat 
exchange is limiting. Higher feed moisture contents 
lower the reactor throughput capacity. Temperature 
control of the reactor is easy because of the limited 
heat transfer rates that are responsible for a limited 
capacity and long residence times of more than an 
hour. The result is a comparatively expensive process 
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Biofuels: Upgraded New Solids. Figure 8 

Process steps of a torrefaction plant 
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Biofuels: Upgraded New Solids. Figure 9 

Flow sheet of the Pechiney torrefaction plant in France according to [42] 


with production costs of roughly 100 €/t without 
feedstock costs [42]. 

The energy efficiency is in a range of 65-75% 
including feedstock and utility usage. Serious energy 
losses occur due to fines production during cutting and 
sieving of the biomass feedstock [42]. 

With the beginning of the twenty-first century 
other applications renewed the interest in torrefied 
wood. Worldwide, different companies announced 
plans for the construction of torrefaction plants on an 
industrial scale of some 10,000 t/a. They address the 
market of low-carbon fuels for decentralized cogenera¬ 
tion and co-firing in coal combustion and gasification 
plants. Most of the plants should not mainly supply 
a single recipient but produce a marketable biofuel 
suitable for different industrial applications. 

Recently announced torrefaction plants rely on 
direct heat transfer. Most of the suppliers utilize 
rotating drums or circular trays which origin from 
drying technology. Others operate with a moving or 
fluid bed (Fig. 10). Direct heat transfer is usually 
realized by conducting the hot flue gas from the com¬ 
bustion of the torrefaction gases through the reactor, 
but some concepts operate with circulating inert gas 
reheated by heat exchanger. In that case, heat is 
generated by burning the torrefaction gases and some 
additional wood fuel. 


Hydrothermal Carbonization 

Although the scientific investigation of hydrothermal 
transformation of biomass is ongoing for decades, 
efforts of technical applications are quite young. There¬ 
fore a brief historic overview of hydrothermal carbon¬ 
ization is given. 

In 1913, Bergius described the hydrothermal trans¬ 
formation of biomass into a coal-like product as one 
result of his investigations of the natural coal genesis 
[51]. In the 1920s and 1930s this investigations were 
continued and extended. These results have been con¬ 
firmed in new test series in the 1960s. Around 1995 
various companies started with the development of 
a process for the use of waste biomass (like sewage 
sludge) and for decontamination and disinfection. 
Based on this, the SlurryCarb™-process was developed 
as the first ever commercial process for the hydrother¬ 
mal production of a coal-like product out of organic 
waste. Several laboratory and demonstration plants 
have been built and tested since 1997. In 2008, a first 
commercial pilot-plant started operation in Rialto, 
USA. It converts 900 t of biomass per day. 

Besides solid biomass with limited water content 
usually converted thermo chemically, there is a certain 
potential of wet biomass available (like manure, food 
industry wastes, digestates from biogas processes, 









































152 


Biofuels: Upgraded New Solids 



BIOCOAL 


FILTERS AND 
ACTIVATED 
CHARCOAL 


Gas 


C 


60 


7 


I,_ 

DRYING AND 
WASHING GAS 


washed 

gas 


Neutral gas 
240°C 


NEUTRAL 

HOT 

GAS 

240°C 


NEUTRAL HOT GAS 
RECYCLING 


GAS 

REUSE 


Gas excess 


BIOMASS 


Biofuels: Upgraded New Solids. Figure 10 

Torrefaction process using a moving bed reactor (Source: Thermya) 


sewage sludge, and black liquor) [52]. The necessary 
drying obstructs the use of these kinds of feedstock in 
classical thermo chemical processes. In case of wet bio¬ 
mass with 20-30% dry organic matter, the heat gener¬ 
ated by the combustion of the organics has the same 
amount as the heat needed for the vaporization of the 
water. Therefore, wet biomass should be converted in 
processes without a need for preliminarily drying. 

Mainly two processes fulfill this requirement for 
wet biomasses: biogas production and hydrothermal 
conversion. In the biogas process, wet biomass is bio¬ 
chemically converted into a methane-rich gas. How¬ 
ever, mainly carbon hydrates are usable and the lignin 
remains unconverted due to biological constraints. 
This means, that the energy of the lignin cannot be 
used. Additionally, there are organic materials like 
straw, which can hardly be solubilized in the biogas 
process. In contrast, hydrothermal processes are able 
to convert all organic fractions. 

Common hydrothermal processes are hydrothermal 
carbonization (HTC), hydrothermal gasification, and 
hydrothermal liquefaction also known as hydrothermal 


upgrading (HTU) [53-57]. Since the main product is 
a solid, only hydrothermal carbonization is tackled 
within the following explanations. 

Principles 

The properties of water at enhanced temperature and 
pressure may vary from those of cold water [57-59]. 
Above the critical point - characterized by 375° C and 
221 bar - water is able to dissolve silicon dioxide and 
fat. At these conditions, basic properties of water 
change (e.g., the dielectric coefficient, the ion product) 
[60,61]. 

During hydrothermal carbonization, the organic 
material is preheated. Due to this thermal energy, the 
macromolecules in the biomass are degraded and 
smaller molecules are formed out of them [62]. The 
pH-value mainly influences what kind of compounds is 
degraded. While carbohydrates can be decomposed 
under sour conditions, lignin degradation asks for 
a high pH-value. Favorably it will be converted into 
phenols while aldehydes and furfurals will be produced 
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from the decomposition of cellulose and hemicellulose 
[63-65]. Starting with these smaller molecules, new 
larger compounds are built. In these reactions, water 
is eliminated. Reaction mechanisms of hydrolysis, 
dehydration, decarboxylation, aromatization, and con¬ 
densation polymerization are involved in the conver¬ 
sion of biomass into biocoal [66]. 

The new substances formed after the partial degrada¬ 
tion of the macromolecules have properties like humic 
substance or lignite. For energy applications, the target 
has a lignite-like quality. In contrast to pyrolysis coke, 
which in principal consists of carbon, the product of 
the hydrothermal carbonization (so-called biocoal) is 
characterized by the elemental formula C 6 H 2 0. 

Hydrothermal carbonization covers two different 
processes, the classical hydrothermal carbonization 
and the SlurryCarb™-process. The former uses mild 
reaction conditions of 170-250°C and 10-20 bar. 
A catalyst (e.g., citric acid, ferric sulfate) is necessary. 
Catalysts allowing to lower reaction temperature or 
residence time are a major target of fundamental 
research. At present, the operating conditions have to 
be applied for 3.5-16 h. This very long residence time is 
a weak point of the entire process. 

The SlurryCarb™-process operates at 220-270° C 
and up to 220 bar. It needs only 10-60 min for the 
carbonization [67, 68]. However, high-pressure reac¬ 
tors are required. Additionally, above a reaction tem¬ 
perature of 240° C the phenol load of the wastewater 
increases strongly [69]. 

Energy Balance The hydrothermal carbonization is 
an exothermal process. Therewith, the process may 
proceed without an external heat supply. But the 
energy converted from chemical energy into heat is 
not contained as usable chemical energy in the product 
any more. This heat generation can amount of up to 
30% of the energy contained originally within the feed¬ 
stock. Thus, the energetic efficiency of the conversion 
process of biomass into biocoal is between 70% and 
90% [67, 70]. 

For the operation of the hydrothermal carboniza¬ 
tion, it is necessary that the biomass particles are 
surrounded by water. Otherwise, the reactions cannot 
occur regularly. Usually, HTC reactors require 
a pumpable or pasty feedstock. The minimum water 
content for such properties differs depending on the 


other characteristics of the biomass. Typically, a water- 
to-dry-mater ratio of 2:1 is necessary. In that case, one- 
half of the generated heat is needed for preheating the 
feedstock. Furthermore, the biocoal and the water do not 
separate themselves. After a mechanical water separation 
by filtering or centrifugation, an additional thermal dry¬ 
ing is necessary to provide an energy carrier from the 
biocoal. For the efficiency of mechanical separation, first 
results are available [71]. As a result, after 2.5-5 min in 
action, water content in biocoal of 30-45% is reached. 
With centrifugation after SlurryCarb™-process, 50% 
water in the product is achievable [68]. 

Of course, the heat for feedstock preheating and 
drying is partially regenerable. But, considering the 
technical possibilities of heat transfer, characterized 
by the necessary temperature differences and the heat 
loses, hardly any heat for external use will remain. 

All over, the energetic efficiency of the hydrother¬ 
mal carbonization depends on the water-content of the 
raw material and how easy it can be dewatered 
mechanically. 

Figure 11 compares brief process chains of biomass 
utilization, for example, combustion with and without 
hydrothermal carbonization. 

Waste Water Until now, several questions of the 
hydrothermal carbonization are not clarified compre¬ 
hensively. One of the most important open questions is 
the wastewater treatment. Different types of water pol¬ 
lutants have been identified (i.e., inorganic as well as 
organic substances). The water-soluble inorganic sub¬ 
stances available in the feedstock will be dissolved. This 
affects both, the minerals typical for biomass (like ash 
components, nutrients) and the inorganic feedstock 
pollutants (like heavy metals). In this case, water 
pollution corresponds with a decontamination of the 
solid phase. The leaching of ash components can 
upgrade the combustion behavior. 

Organic substances in wastewater can have two 
sources. The first source is water-soluble organic 
compounds preliminarily available in the feedstock. 
Those of these compounds not degradable under the 
conditions of hydrothermal carbonization could be 
dissolved in the process water. Additionally, substances 
formed in the hydrolysis process and not consumed 
during the new forming of large compounds can 
remain in process water. Typically, different kinds of 
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Water 



Biofuels: Upgraded New Solids. Figure 11 

Process chains for the utilization of biomass with and without hydrothermal carbonization 


Biofuels: Upgraded New Solids. Table 8 HTC waste 
water ingredients [71] 


Parameter 

Value 

pH-value 

3 . 7-72 

Biochemical oxyqen demand 
(BOD) 

10,000-42,000 mg/L 

Chemical oxygen demand (COD) 

24,200-68,500 mg/L 

Total organic carbon (TOC) 

9,000-36,100 mg/L 

Nitrate-nitrogen 

2.9-58 mg/L 

Ammonia-nitrogen 

3.4-4.1 mg/L 

Phosphate- phosphor 

0.2-47 mg/L 


phenol-like substances can be found in the wastewater. 
The chemical oxygen demand is correspondingly high. 
Typical amounts of wastewater ingredients are listed in 
Table 8. 

Phthalates, pyrazines, phenols, other oxygen 
containing cyclic compounds, and aliphatic and aro¬ 
matic hydrocarbons mainly represent the content of 
organic substances [71]. 

Apart from wastewater recycling, different water 
purification processes are possible. The content of 
organic pollutants, represented by chemical oxygen 
demand (COD), can be decreased by 90% within 
a biogas plant (i.e., anaerobic treatment). Downstream, 
a final cleaning can be done with activated carbon [71 ]. 
Often discussed is integration with a biogas plant in 
a manner that the HTC plant uses the digestates and 
the biogas plant uses wastewater from the HTC. 


The flue gas of the HTC process contains less than 5% 
methane and more than 90% carbon dioxide with low 
amounts of hydrogen, oxygen, and hydrogen sulfide [72] . 

Hydrothermal Carbonization Processes 

Currently, the transformation from laboratory scale to 
technical plants is ongoing. Therefore, the state of 
technology outlined below might change rapidly. 

The reaction temperature and pressure of the 
hydrothermal carbonization are easy to handle with 
available process technology. The core question of the 
commercialization of the HTC process is the residence 
time. For example, for a resistant time of 12 h and a fuel 
output (dry matter) of 10 MW a reactor volume of 

Q 

50-100 m will be necessary to the discussed feedstock 
water contents. For the use of mechanical dewatered 
sewage sludge with the typical water content [73], the 
necessary reactor size for about 35 bar can increase up 
to 250 m . This is why the reduction of resistant time is 
crucial for the successful technical implementation. 
The SlurryCarb™-process with decreased residence 
times of minimum 10 min [74] is in this case is advan¬ 
tageous. But, because of the described problems with 
the wastewater quality, the resistant time reduction 
must be reached by advanced catalysts for the future. 

The long residence time causes the use of several 
reactor types. Tube reactors and discontinuous reactors 
allow for the control of the residence time. Because of 
the necessary size of the reactors, uncommon designs 
(like sub-terrestrial pressure vessels) are discussed. 

The SlurryCarb™-process is the only process real¬ 
ized in a larger pilot plant. This plant converts 900 t of 
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sewage sludge a day to 1701 of solid fuel [68] . For every 
other process, the construction of a demo plant or pilot 
plant is ongoing. 

Biocoal Properties 

The properties of biocoal depend on the reaction con¬ 
ditions. With increasing residence time, the product 
changes its manner from humus like to lignite like. 
Analysis values are listed in Table 9. General combus¬ 
tion properties are given in Table 10. 

These chemical analysis values, especially the 
heating values and the contents of carbon, hydrogen, 
oxygen, nitrogen, and sulfur, show that biocoal can be 
used in energetic applications. 

The biocoal is described to be a lignite substitute. 
Many chemical properties are in fact quite similar to 
lignite. But, it has to be seriously observed, that at least 
one of the main combustion properties, the content of 
volatile matter, differs completely. This parameter of 
HTC-biocoal is rather in a range typical for green 


biomasses. Because the ignitability and the properties 
of the flame are substantially determined by the content 
of volatile matter, the combustion of HTC-biocoal 
cannot be similar to lignite combustion. Instead of 
that, the combustion behavior will be between green 
biomass and lignite. Future research has to show 
which kind of combustion technology, either lignite 
technology or biomass technology, is able to utilize 
HTC-biocoal most efficiently. 

The solid product has a macroscopic particulate 
shape or the shape of the feedstock particles remains. 
Only the physical and chemical properties change and 
the particles get a fissured and porous structure. Thus, 
the fibrous structure of the green biomass is destroyed. 
The biocoal is a highly functionalized carbonaceous 
material [77] microscopic composed of agglomerates 
of microspheres. This means that the biocoal is neither 
in the chemical surface properties nor in the micro¬ 
structure, similar to pyrolysis coal with little functional 
groups at surface and also with a porous structure 
characterized by lots of micro-channels. 


Biofuels: Upgraded New Solids. Table 9 Elementary analysis and heating value of biocoals from HTC compared with its 
biomass feedstock (dry matter) [75] 


Feedstock 

Condition 

Elementary analysis 

Heating value (LHV) (MJ/kg) 

c (%) 

H (%) 

N (%) 

s (%) 

Ash (%) 

bark mulch 

green 

45.5 

6.1 

0.6 


5.8 

18.7 


HTC-biocoal 

55.7 

5.8 

0.6 


6.8 

22.1 

leaves 

green 

45.3 

6.8 

1.1 

0.02 

11.1 

18.1 


HTC-biocoal 

56.4 

6.1 

1.1 

0.01 

11.7 

24.2 


Biofuels: Upgraded New Solids. Table 10 Combustion properties of biocoal from HTC compared with brown coal and 
biomass (dry matter) [1, 76] 



HTC- 

biocoal 

Brown coal 
(Rhineland) 

Brown coal 
(Lusatia) 

Softwood 

(spruce) 

Straw 

(wheat) 

Water content (%) 

8 

11 

10.5 

15-20 

10-20 

Ash content (%) 

1.5 

4 

6 

0.6 

5.7 

Volatile matter (%) 

74.5 

46 

45.5 

82.9 

77.0 

Sulfur content (%) 

0.2 

0.4 

0.8 

0.02 

0.08 

Heating value (LHV) (MJ/kg) 

20 

22.2 

21 

18.8 

17.2 

Ash softening temperature (°C) 

~1,200 

>1,100 

>1,200 

>1,400 

<1,000 
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Other crucial properties for the applicability of the 
biocoal are the water content and in connection with 
this the consistency. Depending on the water content of 
the feedstock, the biocoal occurs as a suspension. 
Because of this, the water cannot be removed only 
with mechanical processes up to a content which 
make utilization in a classical thermo chemical process 
(like combustion or gasification) possible. That is why 
an energetic reasonable application of the hydrother¬ 
mal carbonization requires also an answer to the ques¬ 
tion of water removal. 

In the contrary, the products of hydrothermal gas¬ 
ification and hydrothermal upgrading can be extracted 
from water by phase separation processes, which cause 
hardly any energy demand. 

Biocoal Applications 

The use of biocoal in lignite application processes is 
one option. Because of the analogy of some of the 
fuel properties, biocoal may substitute lignite in dif¬ 
ferent fields of use. Such a substitution saves green¬ 
house gas emissions, which is important for the 
climate protection and governmentally funded in 
many countries. 

Because the content of volatile matter of HTC- 
biocoal is similar to biomass and its heating value is 
high in comparison with biomass, pellets from biocoal 
(or with a percentage of biocoal) might be an impor¬ 
tant addition for the pellet markets of the future. Uses 
for coal sludge are currently in a research stage. They 
can avoid the energy demand for drying. Gasification 
and combustion of coal-slurries are state of the art, but 
in this case the energy demand is only removed into the 
gasifier or furnace. 

In general, the solid fuel produced by hydrothermal 
carbonization requires a complex conversion process 
for solid fuels. In most cases, gaseous or liquid products 
will be easier to apply. 

Apart from the energetic application, the use of 
biocoal from HTC for the fertilization of soil and carbon 
sequestration is intensively discussed. Here, biocoal is 
mixed into topsoil. But, the advantages (e.g., increase of 
fertileness and stability of the carbon disposal) to be 
achieved in practise are currently not clarified [78]. 

Biocoal has hardly any analogy with activated 
carbon or carbon black. That is why biocoal cannot 


be expected to be a substitution for these. Nevertheless, 
there are serious activities for the production of 
engineering carbon materials via hydrothermal 
carbonization [79]. 

Summary and Future Directions 

Each of the discussed processes provides an important 
possibility for the production of high value solid 
biofuels. The main process characteristics are: 

• Pelletizing and briquetting are physical processes; 
torrefaction and hydrothermal carbonization also 
influence the chemical structure and the chemical 
behavior of the fuel. 

• Pelletizing, briquetting, and torrefaction occur in 
a gaseous atmosphere while hydrothermal carbon¬ 
ization runs in hot pressurized water 

• Pelletizing, briquetting, and torrefaction require 
dry feedstock; hydrothermal carbonization has the 
greatest advantages for wet biomass. 

Because of the different process characteristics, 
these processes have their own specific future directions 
and potential impacts on the development of certain 
areas of science. 

For the further development of solid biofuels, pro¬ 
duced by pelletizing and briquetting, the compaction 
process needs to be understood in depth to adjust the 
process parameters in an optimal way. Therefore, the 
interactions of the parameters influencing the process 
and their influence on the resulting properties of the 
compacts have to be figured out. Important questions 
are, for example, the influence of particle size distribu¬ 
tion and the water content of the raw material on the 
mechanical durability of the compact or the optimal 
compaction pressure needed for a certain compact 
strength and the possibilities to influence it by condi¬ 
tioning or by adding binding agents. Besides the adjust¬ 
ment of optimal compact properties, the knowledge of 
these correlations allows the optimization of the pro¬ 
cess itself and of the energy efficiency which directly 
affects the costs of the biofuel production. Therewith 
the goal is the simulation of these processes for better 
understanding and for an optimal compaction of the 
raw materials. 

The benefits of pelletizing and briquetting processes 
are (1) a higher durability because of reduced water 
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content and (2) a higher volumetric energy density. 
Furthermore, admixtures compensate variations. Nev¬ 
ertheless, there is no substantial change in the chemical 
composition during the pelletizing and briquetting 
processes [18, 80, 81, 83]. 

Torrefaction process technologies have reached 
a commercial scale. The process technologies are 
derived from drying technology. The major drawback 
is a comparatively long residence time of some 10 min 
resulting in large reactors with high investment costs. 
Process economics and the development of a sufficient 
market for torrefied biomass pellets is still an open 
question, but recent investment decisions indicate 
good market opportunities. 

The torrefaction product is a highly reactive solid 
biofuel with good combustion properties. Torrefied 
biomass pellets are suitable for biomass combustion 
and gasification plants as well as for co-combustion 
and co-gasification plants. 

The main question for the future of hydrothermal 
carbonization is for which feedstock and for which 
process chains an energetic, economic, and environ¬ 
mental benefit can be reached. Therefore, a lot of 
balancing and assessment work has to be done. 
Open questions in addition are: (a) decreasing of 
residence time and (b) equipment optimization for 
biocoal production (i.e., water recycling, removal of 
inorganic pollutants, search for high toxic organic 
components, removal for wastewater treatment, and 
combustion, as well as pelletizing behavior for 
energetic use). 

In general, the possibility of thermo chemical use of 
wet biomass is an important chance. But, the question 
not answered until today is whether hydrothermal 
carbonization is the best alternative compared with 
other hydrothermal processes and the biogas process. 
According to the fuel characteristics and the economic 
conditions, each of the three described technologies 
could find its special use for energy production in 
the future. 
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Glossary 

Biogas Biogas is a gas which is produced as waste 
product during anaerobic microbiological break¬ 
down of organic substances. The main constituents 
are methane and carbon dioxide. 

Biogas cleaning Biogas cleaning is a technical process 
which adapts the biogas quality to a defined gas 
quality defined by the subsequent usage. That 
includes mainly the reduction of trace gases (H 2 S, 
NH 3 , water vapor, and others). Biogas cleaning 
does not focus on the removal of carbon dioxide 
from the biogas. 

CHP unit Combined Heat and Power unit which con¬ 
sists of a gas-burning engine driving a generator 
which produces electricity. The waste heat from 
electricity production can be used for further 
applications. 

Landfill gas Landfill gas is a special type of biogas 
which is produced in landfills during the degrada¬ 
tion of the organic constituents of wastes. It is 
characterized by many organic long-chain trace 
gases. 

Sewage sludge gas Sewage sludge gas is a special type 
of biogas produced within wastewater treatment 


plants during the anaerobic treatment of sewage 
sludge. It is characterized by the content of 
siloxanes. 

Definition of the Subject 

This entry focuses on the development, its reasons, 
and the perspectives of the electricity supply based on 
biogas through anaerobic digestion. This sector is 
worldwide very important for decentralized energy 
supply from organic materials. Beneath this fact, 
electricity from biogas reduces the demand for 
fossil fuels and reduces greenhouse gas emissions 
connected with fossil-energy supply systems. Thus 
the development of this sector is analyzed. Based on 
this, the possibilities and the challenges of electricity 
supply from biogas and its contribution to reach 
national and international renewable electricity tar¬ 
gets is discussed. 

Introduction 

Biogas can be produced from a very broad variety of 
organic substrates. Internationally, the main biomass 
sources are wastewater treatment sludge (to produce 
sewage sludge gas) and organic wastes from agriculture 
(e.g., excrements from animal farming, residues from 
processing of agricultural products). Additionally, high 
importance has to be paid to landfill gas production 
and utilization. In some countries as, e.g., Austria and 
Germany, the use of energy crops contributes addition¬ 
ally significantly to biogas production [10, 11]. 

Due to the fact that all these different kinds of 
biogases consist of roughly 50-70% of methane, the 
gas can be used easily as a fuel. In the past, very different 
engines have been developed to produce electricity 
from cleaned biogas. Parallel to these technologies, 
biogas can be used for cooking purposes, for heating, 
as well as a fuel for vehicles. But the latter is not a topic 
of this article. 

History 

The history of biogas production is already very long - 
especially for small-scale applications. Some very old 
experiences are recorded already from China and 
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Persia. In industrial large scale, the first biogas plants 
were constructed for the purpose of wastewater 
cleaning. About 1897, at a hospital in Bombay, India, 
the first plant was constructed where the gas was used 
for lightening the streets, and from 1907 for the oper¬ 
ation of a motor to run an electricity generator. After 
this beginning, more and more anaerobic wastewater 
treatment plants mainly in Europe were constructed 
and equipped partly with generators [ 1 ]. 

Due to the relatively high costs of electricity pro¬ 
duction from biogas, the gas was mainly used for 
heating and lightening, as well as a fuel for transporta¬ 
tion purpose. But also, some enthusiastic farmers 
started between 1980 and 1990 with the construction 
of digesters and electricity generators with electrical 
capacities mainly below 20 kW based mainly on animal 
excrements. The electricity was produced to cover the 
own electricity demand within their farm. 

With the implementation of feed-in laws for elec¬ 
tricity into the national electricity grid, the technology 
got incentives, and a continuous growth of the use as 
well as the plant size began [2]. 

For example in Germany, based on the incentives 
introduced in 1999, the electricity production from 


biogas increased rapidly. Especially financial incentives 
for the production of electricity from energy crops- 
based biogas lead to the very strong development 
(Fig. 1) especially in this area. 

Within Europe, about 3,000 MW electrical capaci¬ 
ties based on biogas (including landfill gas and sewage 
sludge) have been installed in 2007. Only Germany 
contributes with about 50% to this number [4]. Com¬ 
pared to the international situation, Europe dominates 
the electricity production from biogas [5]. 

Looking into the future, it is estimated, for example, 
for Germany that in the year 2050 a total capacity of 
electricity production from biogas of about 11,000 MW 
can be reached. Worldwide, the capacity in 2050 is 
estimated to reach about 100,000 GW [5]. Thus a very 
rapid growth of this sector is expected worldwide. 

Technology 

After some cleaning processes, biogas shows very good 
combustion properties. This is also true for the use in 
engines. For that reason the use of biogas for electricity 
supply has a long tradition. Thus, there are lots of 
experiences available and the obstacles for electricity 
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Development of electricity production from biogas (without landfill gas and sewage sludge gas) exemplarily for 
Germany [3] 
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supply from biogas under very different conditions are 
very well known. This is analyzed within the following 
chapters. 

Biogas Production 

Biogas is produced mainly from organic residues and 
wastes. Such organic matter can result from animal 
breeding (excrements), crop production (harvest resi¬ 
dues), processing of agricultural products (residues 
from beer brewing, vegetables processing, beverage 
industry, and others), organic municipal or industrial 
wastes, organics in wastewater streams, wastewater 
cleaning processes, and many other sources. Energy 
crops are another (costly) biomass resource for biogas 
production which are actually only used in some coun¬ 
tries. The question if a biomass source can be used 
for biogas production is answered by its anaerobic 
degradability. 

Biogas production is a microbiological process tak¬ 
ing place under anaerobic conditions (at total exclusion 
of oxygen). The microorganisms involved into this 
process are omnipresent but concentrated in anaerobic 
sources as, for example, the stomach of ruminants. For 
applications with the aim of biogas production, the 
ruminant’s stomach has more or less to be emulated 
so that the process is mainly carried out in so-called 
fermenters which are gastight and mainly equipped 
with some stirring devices. Very simple household 
digesters which supply cooking gas, e.g., for families 
in rural areas of developing countries as well as indus¬ 
trial-scale solid substrate digesters (garage-type), are 
constructed without stirring devices. They show often 
comparably low gas yields. Therefore, most industrial 
applications realize some movement within the fer¬ 
menter (Fig. 2). 

The choice of the fermenter type depends mainly 
on the substrates. But also, the economic-frame condi¬ 
tions as well as the chosen installation company have 
a considerable influence. Therefore, a broad variety of 
technologies can be found on the market. 

The dimension of the fermenter depends on the 
amount of biomass to be treated and the biological 
dimensioning to avoid an overload of the microbiological 
community. It also plays an important role if a one- 
staged or more-staged process is realized. So far, 


single fermenters with dimensions between 20 and 
8,000 m can be found on the market. Typical fermen¬ 
ters used, e.g., in Germany, for agricultural biogas 
plants are sized between 1,000 and 2,500 m . Biogas 

Q 

amounts of 2.5-500 m /h are produced which are 
equivalent with about 5-1,000 kW electrical capacity 
of a gas engine. For larger plants (the largest known is 
10,000 m /h biogas production at one single place), 
two or more fermenters are connected or placed 
parallel. 

Much attention has to be paid on the right temper¬ 
ature for the fermentation process. Active bacteria do 
not tolerate fast changes in temperature resulting in 
a reduced efficiency and in lower degradation rates 
within the fermenter. Thus, the temperature in the 
fermenter should be constant and changes should not 
exceed 2 K/week. For this reason, heating systems in 
industrial scale fermenters should be designed 
carefully. 

Internal fermenter heating systems can be designed 
in various ways. One option is that stainless steel heat 
pipes are installed within the fermenter some centime¬ 
ters away from the fermenter walls. Another possibility 
is that they are embedded within the concrete walls and 
the concrete bottom. The heat exchange rates are much 
higher when the pipes are not installed within the 
concrete, but the heat exchanger rate may be reduced 
due to dirt attachments at the pipes fixed within 
the fermenter. Additionally, technical stirrer faults 
can cause demolition of the pipes. Heat pipes at the 
fermenter bottom cannot be suggested because 
almost all biogas plants show sedimentation of material 
within the fermenter, reducing the heat exchange 
significantly. 

External heating in heat exchangers is realized in 
cases where a continuous circulation of the fermenter 
content is technically necessary. If this is not the case, 
external heating requires additional electrical energy 
for a circulation pump. The advantage is that only 
external heating allows a regular cleaning of the heat 
exchanger surface. 

All fermenters - except the garage-type fermenters - 
require movement of the substrate through any type 
of pipe. 

Substrates with very high content of solids 
(20% and more) can be transported in screw surveyors. 
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Mixing through use of gas pressure (schematic) 
during pressure raise during pressure drop 


Biogas for Electricity Generation, Hi-tech Applications. Figure 2 

Overview on the main types of industrial fermenters with stirring [6] 


Due to high abrasion, screws and walls have to be 
constructed very robust preferably from stainless 
steel. Very positive effects on continuous operation 
and low maintenance show applications of walls 
which can be removed easily in two parts and which 
can be adjusted depending on the abrasion of the screw 
(the diameter will slightly decrease). Stones and solid 
parts have to be removed from the substrates before 
passing screw surveyors. 

Substrates with a lower content of solids are 
transported in pipes mainly. They are moved by 


pumps. Special requirements on the pumps result 
from substrates with 5-20% solids content. In these 
cases, best experiences are reported from the use of 
rotating piston pumps and eccentric screw pumps, 
which can be found on almost every agricultural and 
industrial biogas plant nowadays. They are used for 
substrate supply to the fermenter as well as for trans¬ 
portation purposes between different fermenters and 
storage tanks. Only the removal of the digested slurry is 
not realized by a pump mostly. It is realized with an 
open siphon where the overflow from the fermenter 
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leaves due to gravity and due to processes of new sub¬ 
strates supply into the fermenter without additional 
energy demand. For this reason the fermenter will not 
be overfilled and maintain a constant filling level. 

Operational experiences for the fermentation unit 
of a biogas plant are in most cases very good. Special 
attention has to be paid on the quality of the stirrers, 
the additional technical equipment, and the internal 
coating of the fermenters. The aggressive atmosphere 
within the fermenter (due to the formation of sulfuric 
acid) requires stainless steel or totally coated surfaces of 
steel and concrete, especially in the gas room under the 
roof of the fermenter. Fermenters are estimated with 
a technical lifetime of 20 years and more when they are 
constructed at high quality. But the technical equip¬ 
ment shows in most cases only technical lifetime of 
maximum 10 years [7]. 

Fermenters are able to produce biogas all year 
round. Practical experiences show that it has to be 
expected that due to biological or technical problems, 
the fermenter has to be opened about each 3 years. For 
example, a removal of a sand layer, the exchange of the 
stirring system, or some maintenance work has to be 
done. Then it has to be calculated that the fermenter 
is out of operation for 1-4 four weeks, and thereafter 
a new start of the plant is necessary which leads 
to a startup phase with a reduced biogas production 
rate. Annually (without a real opening of the 
fermenter), a fermenter is available with roughly 95%. 
Due to biological process problems, it is possible that 
5% of the year in average, not enough biogas can be 
produced to run the CHP plant at full load. 

Electricity Production from Biogas 

So far basically only motor-CHP units are used for 
electricity production. Additionally to a minor extent 
micro-gas turbines (worldwide probably about 100) 
are used. Almost independent on the device, the biogas 
has to be cleaned from H 2 S, water vapor, and - depen¬ 
dent on the substrate - siloxanes. 

H 2 S, which can form sulfuric acid and increase 
corrosion effects, must be removed to levels between 
150 and 400 ppm depending on the requirements of the 
supplier of the CHP unit. It is always suggested to go for 
a very low H 2 S level in the gas to minimize mainte¬ 
nance work at the CHP unit and to prolong the 


intervals for oil exchange; for example, levels of 
100 ppm and below would result in notable reductions 
of maintenance cost which in many cases result finally 
in improved economic behavior of the overall biogas 
plant [7]. 

In many cases, with a low H 2 S content, it could be 
sufficient to use the so-called internal biological sulfur- 
removal method. Here the H 2 S content is reduced with 
sulfur-reducing bacteria (sulfobacter oxidants) living 
in the gas space of a fermenter. They convert H 2 S into 
elementary sulfur which is then removed with the 
digested substrate. Such a sulfur-removal requires on 
the one hand sufficient area for settling of the bacteria 
(e.g., a layer of wood beams or nets) and, on the other 
hand, the continuous supply of some oxygen (about 
3% to maximum 6% compared with the biogas pro¬ 
duction rate [8]). 

For a higher H 2 S content and/or improved reduc¬ 
tion rates, additional equipment for external biological, 
physical, or chemical desulfurization is required. This 
can be [9]: 

• External biological desulfurization, where within 
a washing column, a biological desulfurization as 
described above takes place under controlled 
conditions 

• Biochemical washing, where the H 2 S is bound in 
a first column chemically to, e.g., soda lye and is 
separated from that in a second column without 
bringing oxygen into the gas system 

• Sulfide precipitation in the fermenter, where sulfide 
binding chemicals (Fe-III-chloride, Fe-II-chloride 
or Fe-II-sulfate) are given with the substrates into 
the fermenter 

• Adsorption to activated charcoal, where in separate 
vessels, the raw gas is led through a packing of 
charcoal which allows the highest degree of gas 
cleaning 

For water-vapor reduction in the gas phase, at least 
a condensation of water in the raw gas-pipe system has 
to be realized through piping the gas under the earth. 
For improved drying of the raw gas, the application of 
technical dryers is suggested. They have to be resistant 
against formation of sulfuric acid in the condensate. It 
has to be noted that the gas will be saturated with water 
at the temperature of fermentation, and notable con¬ 
densate amounts have to be handled. 
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Siloxanes are relevant mainly for gases resulting 
from digestion of sewage sludge and municipal solid 
waste as well as from landfill gas. They can cause depo¬ 
sitions of silicates in the engine. They could be the 
reason for massive technical problems. For reduction 
mainly, activated char coal filters can be used. 

The different CHP-unit types do show differences 
in their technical performance and operational behav¬ 
ior. Mainly, it has to be distinguished between gas-otto- 
engine-driven CHP units, ignition-oil CHP units, and 
micro-gas turbines which are in practical and commer¬ 
cial use [9]. 

• Gas-otto-engines only use the biogas as fuel. They 
are operated with the otto-engine principle with air 
in excess and equipped with a turbocharger. The 
methane content in the biogas has to be above 45% 
(Table 1). 

• Ignition-oil engines use the biogas, but always 
between 7% and 10% additional ignition oil (diesel, 
vegetable oil, biodiesel). The engines use the same 
principle as conventional diesel engines and are 
operated with air excess. In dependency of the gas 
quality and availability, the ignition oil share can be 
increased up to 100% so that not necessarily the 
engine has to be turned off during maintenance 
work at the bio gas plant (Table 1). 


• Micro-gas turbines only use biogas as fuel. They are 
fast-running gas turbines with a small electrical 
capacity (today max. 600 kW) with air preheating 
within a recuperator and a generator driven by the 
expanded gas after its combustion. The methane 
concentration in the fuel has to be above 35%, and 
the turbines tolerate higher H 2 S concentrations 
than other CHP units. The high frequent noises 
can be quietened easily, and the waste heat can be 
delivered at a much higher level than from the other 
CHP units (Table 1). 

From practical applications, it was measured that 
most plants do not run nonstop throughout the year 
due to maintenance but also due to faults and problems 
at the plant. For regular maintenance, about 150-200 
h/year (less than 10 days) have to be calculated. Keep¬ 
ing that in mind and on condition that the fermenters 
continuously produce the full gas amount for full load 
of the CHP unit, it can be expected that the availability 
of the whole plant would be at 97%. Practically, gas 
production cannot run at exact 100% of the demand 
and should not waste gas what cannot be used in the 
CHP unit. Thus the gas production is mostly at about 
95% or less in average compared with the capacity of 
the CHP unit. Therefore - as shown in Fig. 3 - in 
practice, most plants show a calculated standstill time 


Biogas for Electricity Generation, Hi-tech Applications. Table 1 Comparison of the different types of CHP units; 
according to [7] 


Parameter 

Gas-otto engines 

Ignition-oil engines 

Micro-gas 

turbines 

Capacities electrical 

300 kW.. .3 MW 

5 kW.. .500 kW 

10 kW.. .600 kW 

Electrical efficiency 

35.. .43% 

35...42% 

21...33% 

Thermal efficiency 

40.. .44% 

40.. .44% 

50.. .60% 

Heat-level water 
cooling/thermal oil 

95/105 °C (50%) 

95/105°C (50%) 

Overheated 

steam 

Heat-level waste gas 

300-400°C 

300-400°C 

300-600°C 

(100%) 

Lifetime 

60,000 h 

35,000 h 

40,000 h 

Emissions 

NO x and CO medium 
level 

NO x and CO at borders of legal limits 

Very low 

Special remarks 

Engines designed for 
gas/biogas use 

Highest electrical efficiency at low capacities; use of 
adapted standard diesel engines 

Low noises 
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Cumulated annual standstill of CHP units 
in 60 German biogas plants [d/a] 


Biogas for Electricity Generation, Hi-tech Applications. 
Figure 3 

Theoretical cumulated standstill time of CHP units in 
practical agricultural biogas plants; the frequency is 
calculated as the share of really produced electrical energy 
of theoretically possible electrical energy production [7] 

less than 60 days. The plants with longer standstill 
times in Fig. 3 had during the period of analysis notable 
biological problems, they were not full time in opera¬ 
tion or they had any technical fault so that they should 
be excluded from evaluation. 

Expected Developments 

Starting from the state of the art described above and 
keeping in mind the strong research and development 
activities ongoing currently on an international level, it 
is expected that during the next 20 years, substantial 
improvements will be done. 

Biogas production is a biotechnological process. 
But research activities just start with modern biotech¬ 
nological methods. Therefore, within the years to 
come, new knowledge about the microbiological pro¬ 
cesses will be available which will lead to technical 
improvements so that it is expected that around 10% 
increase in the biogas yields could be realized. Addi¬ 
tionally, the biogas plants will be better adapted to 
the substrates as well as the microbiological require¬ 
ments. Also complicated or challenging substrates 
(like grass or straw) can be used in a more 
efficient way. 

Regarding the electricity production process, it is 
expected that electrical efficiencies will slightly raise 
with about 2% in common CHP units. Fuel cells can 
find their way from demonstration activities into prac¬ 
tice, what leads to significant higher electrical efficiencies 


(45-60%). Other technologies are not expected to 
improve the overall behavior of decentralized electricity 
generation from biogas. 

The overall plant behavior will show increased 
efficiencies in terms of reduced own heat and elec¬ 
tricity demand, increased availabilities due to better 
knowledge on the processes, more applied measure¬ 
ment technologies, as well as more reliable technol¬ 
ogies. Thus the expected full load hours are 
expected to rise to about 3-5%. At the same time, 
higher requirements regarding environmental 
impacts of biogas technology will lead to reduced 
direct and indirect emissions from today between 
1% and 5% of the methane produced to a value 
lower than 1%. 

Obstacles 

There is no technology without obstacles. Technically it 
can be stated that biogas technology is well known, and 
biogas plants can be constructed and operated satisfac¬ 
torily when suitable substrates are used. Obstacles 
result more from economic view interfering with the 
organizational/legal framework. 

Thus the main question is the applicability of the 
electricity produced. For an economic successful oper¬ 
ation, it is very important that the framework allows 
trading of heat and electricity to neighbors and feed in 
into national energy grids. Without these prerequisites, 
a biogas plant has to be designed for decentralized 
energy supply for a single company and then 
a balance between energy supply and energy demand 
has to be reached. 

The second important question is if electricity 
production from biogas is economically viable. The 
production costs are often higher than local energy 
costs. This depends mainly on the costs for sub¬ 
strates and revenues for the products. The latter 
includes not only energy but also solid or liquid 
residues (i.e., digested slurry) which are a valuable 
fertilizer. Effects of reduction of greenhouse gas 
emissions and other environmental advantages 
should also be taken into account. Regarding the 
revenues for the electricity in many countries, very 
good experiences were gained with defined long- 
lasting guaranteed tariffs for each kWh fed in into 
an electricity grid. 
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Economics of Electricity from Biogas 

The costs for electricity production from biogas 
depend on very many factors, mainly connected with 
substrate supply. Therefore only few examples are given 
from the German market of industrial biogas applica¬ 
tions. Thus Table 2 shows the main cost positions for 
three different typical plant sizes and types. 

Generally, the production costs of electricity from 
biogas are higher than 0.1 €/kWh, and so far higher 
than electricity production costs from fossil fuels in 
most cases (i.e., grid connected electricity generation 
in large-scale units). Only plant C shows lower costs, 
but this is caused by the very promising situation that 
the substrates are not connected with costs. If for some 
of the substrates paying would be necessary (and this is 
the case, e.g., for organic waste streams from food 
processing competing with fodder for animal 


breeding), the production cost would rise above 0.1 €/ 
kWh. This would also be the case for plant A when the 
vegetable residues would have been paid. 

Thus there is the question if some further revenues 
could reduce the production costs. This could be the 
case if heat could be supplied and sold for a typical 
price between 0.02 and 0.035 €/kWh t h. Additionally, it 
could be the case that a farmer who uses the fertilizer 
can be convinced about the worth of the organic fertil¬ 
izer and pays something for it. Last but not least, it is 
possible to generate revenues from acceptance of resi¬ 
dues and wastes (e.g., from slaughterhouses), where 
the producer of the waste has to pay for to get rid 
of the waste material. But all in all, it is to assume that 
the influence of these revenues will never be more 
important than maximum 0.03 €/kWh el production- 
cost reduction. 


Biogas for Electricity Generation, Hi-tech Applications. Table 2 Typical cost assumptions for different typical German 
biogas plants 


Parameter 

Unit 

Plant A 

Plant B 

Plant C 

Capacity electrical 

kWel 

190 

600 

1,200 

Electrical efficiency 

% 

38% 

39% 

40% 

Substrates used 


50% Manure, 20% 
grass, 30% 
vegetable residues 

35% Manure, 65% 
energy crops 

20% manure, 30% food production 
wastes, 30% slaughterhouse 
wastes, 20% used fats 

Full load hours 

h/a 

7,500 

7,700 

7,700 

Electricity 

production 

kWhel/a 

1,425,000 

4,620,000 

9,240,000 

Heat production 

kWhel/a 

1,650,000 

5,212,308 

10,164,000 

Specific investment 
costs 

€/kWel 

4,500 

3,500 

3,000 

Capital costs 

€/a 

98,325 

241,500 

414,000 

Substrate costs 

€/a 

30,000 

270,000 

0 

Maintenance costs 

€/a 

25,650 

63,000 

108,000 

Operational costs 

€/a 

60,625 

152,060 

272,120 

Residues 

transportation and 
use costs 

€/a 

18,000 

36,000 

60,000 

Total annual costs 

€/a 

232,600 

762,560 

854,120 

Specific electricity 
production costs 

€/kWhel 

0,163 

0,165 

0,092 
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Thus for making the biogas production and use for 
electricity generation economically viable from an 
investors’ point of view, financial incentives are neces¬ 
sary. This is especially true if energy crops - offering the 
largest potential today - shall be used. 

Future Directions 

Today, electricity from biogas has in many countries 
settled as a promising renewable electricity supply 
technology. 

Thus it is expected that worldwide the biogas 
production as well as the electricity production from 
biogas will continue to grow in the future. Consider¬ 
ing the significant expectable improvements in overall 
efficiency and environmental behavior of biogas 
plants, the technology seems one of the most prom¬ 
ising among the possibilities of sustainable energy 
supply. 

In the future, with increasing fossil-fuel prices and 
optimized technologies for biogas production and use, 
the production costs will converge at the level of fossil- 
energy prices. So in 10 or 20 years, electricity from 
biogas might be able to compete at the market 
commercially. 
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Glossary 

Soil texture Describes the composition of the soil with 
regard to the proportion of the different grain size 
fractions of the mineral constituents. By adhesion 
forces in the varying pore sizes, the soil texture 
determines to a large extent the water storage 
capacity of soils as well as the capillary rise of 
water from deeper soil levels. 

Effective root zone Soil depth, from which annual 
field crops can take up water by their rooting sys¬ 
tem. It is determined by soil texture as well as 
weather conditions. 

Evapotranspiration coefficient (TC/ETC) The TC is 

a measure for the amount of water transpired by 
a plant stand for the production of a unit of plant 
matter (liters per kg DM), that is the reciprocal 
value of the water use efficiency (WUE). In addition 
to the transpiration, the water release of a plant 
stand is largely determined by the evaporation of 
the soil. Both processes are subsumed under the 
term “evapotranspiration,” which can then accord¬ 
ingly be described by the evapotranspiration coef¬ 
ficient (ETC). 

Field capacity The field capacity describes the amount 
of water in the pores of a water-saturated soil that 


can be held against gravity after a period of more 
than 3 days. 

Vernalization Induction of stem elongation/develop- 
ment of main shoot and generative phase by the 
impact of cold temperatures. Vernalization need of 
plants, e.g., winter cereals, prevents their blooming 
before winter. 

Water use efficiency (WUE) Measure for the amount 
of plant matter produced for a unit of water tran¬ 
spired. It is equal to the reciprocal value of the 
transpiration coefficient. 

Crop rotation Temporal succession of crops on one 
site. 

Second crop Crop that is grown after a winter 
intercrop. 

Intercrop Crop grown between the cropping of two 
main crops. Differentiations can be made between 
summer intercrops (main mass production before 
winter) and winter intercrops (main mass produc¬ 
tion after winter dormancy). 

DM/oDM - (organic) dry matter Dry matter refers to 
the harvested biomass after exclusion of the water, 
which is part of the fresh matter. For a specification 
of biogas yields, organic dry matter is given as 
a reference value, which makes a subtraction of inor¬ 
ganic ash fractions from dry matter values necessary. 
Mycotoxin Toxins formed by mold fungi, which are 
toxic to humans and animals. Most important 
mycotoxins in wheat are deoxynivalenol (DON) 
and zearalenon (ZEA). 

WC - Whole crop Crops are referred to as whole 
crops, when harvested before full ripeness as entire 
subsurface plant material mainly for silage 
preparation. 

Definition of the Subject 

Conversion processes in anaerobic digestion are 
realized by anaerobic prokaryotes that have been 
playing a major role in the transformation of chemical 
structures for a long period in evolution history. 
The product of such an anaerobic digestion process is 
a substance mixture. Its gaseous phase consists largely 
of methane and carbon dioxide and can be used for 
energetic purposes (Fig. 1). 
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Biogas Production and Energy Crops. Figure 1 

Schematic energy conversion process exemplarily 
demonstrated by the example of glucose without taking 
conversion losses into account 


The multitude of bacteria which are active within 
this anaerobic degradation process have the ability to 
digest a large spectrum of non-lignified biomass. 
Besides residual and waste biomass, the cropping of 
biomass (i.e., energy crops) is a possibility to supply 
larger amounts of biomass for anaerobic digestion 
processes. 

Indisputable from a sustainability viewpoint is the 
fact that the land area for the production of agricultural 
goods is limited and that a conversion of land of high 
value for the storage of carbon or to sustain biodiver¬ 
sity should not take place. For this reason, the existing 
agricultural area should be used as efficient and 
sustainable as possible also for energy provision. 
The cropping of energy plants can therefore be 
regarded as an important piece of a puzzle to 
complement existing production systems with its 
specific characteristics. 

The agricultural production of substrates, which 
are the raw material for a sustainable substitution of 
fossil fuel energy, aims at designing systems that 
make a most efficient conversion of solar energy and 
a maximized substitution of fossil fuels possible. At the 
same time, all potentials should be utilized to ensure 
a long-term sustainability. Therefore, an intensive 
production and an environmentally sound production 
are to be harmonized. This article is going to 
concentrate on findings from Central Europe. 


Introduction 

Throughout the world, national legislations have 
introduced systems to promote an increased usage of 
biomass for energy production. Currently, in some 
countries incentive systems, which guaranteed fixed 
prices for electricity generated from renewable 
resources (feed-in-tariffs), are supporting this political 
goal [1, 2]. For example, by the amendment of the 
German Renewable Energy Act (Erneuerbare- 
Energien-Gesetz, EEG) in 2009, the German govern¬ 
ment put in place favorable conditions for biogas 
production. Tariffs set by this law guarantee degressive 
reimbursement for electricity from biogas for a period 
of 20 years. In addition to the basic reimbursement for 
each kWh dependent on capacity classes, additional 
premiums can be accessed. One of these premiums is 
a bonus payment for electricity from renewable raw 
material, which amounts to 0.07 €/kWh for plant 
sizes of up to 500 kW [3]. Similar incentives can also 
be found in other countries throughout Europe. 

As shown in Fig. 2, the production of biogas from 
agricultural substrates contributes already noticeable 
to the overall Biogas production in Europe. The sub¬ 
strates currently used, for example, in Germany are 
dominated by animal excreta if the agricultural sub¬ 
strates are analyzed according to mass or volume. 
From an energy-related point of view, dedicated 
energy crops, which are again dominated by maize 
silage, make up the largest single share in Germany 
(Fig. 3). 

The provision of energy crops is directly competing 
with food and fodder production. These two sectors are 
experiencing an advancing rate of specialization on 
a very narrow spectrum of crops in cultivation and 
in a reduction in the number of crop types being 
rotated. The development of energy cropping as 
a new branch of production is therefore connected 
with the hope of providing possibilities for diversifica¬ 
tion in the context of a multifunctional agriculture 
[6]. High land productivity, maximum energy gain 
involving cost effectiveness and the optimization of 
non-commodities of cropping systems embedded in 
existing production regimes are major objectives of 
focus in public research. 
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Biogas Production and Energy Crops. Figure 2 

Primary energy production from Biogas in Europe in 2007 
in kilotons of oil equivalent [ktoe] (Data from [4]). 1 "Others" 
are the communal digestion of solid waste as well as the 
centralized CHP-usage of biogas fed into the grid 
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Biogas Production and Energy Crops. Figure 3 

Substrate input in German biogas plants 2008/2009 - 
percentages of total fresh matter {left) (Adapted according 
to data from [5]) The shading is roughly indicating the 
energy yield of each substrate 


Production and Provision of Energy Crops for 
Biogas Production 

Biological and Agricultural Basis 

The efficiency of the yield formation of agricultural 
crops is determined by an interaction of growth factors, 
that is, factors that are necessary for the metabolic 
processes of plants. These include solar radiation, 
temperature (progression), soil characteristics, and 
water availability as well as a controllable supply of 
macro- and micronutrients. For the choice of suitable 
crops and the design of cropping systems, the 
knowledge of these interactions is essential. The 
influence of the specificity of growth factors on yield 
can be roughly depicted by yield functions. 

Efficiency of Photosynthesis The production of 
energy crops is, just as the entire plant production, 
based on the photosynthetic activity of higher plants. 
Ensuring a high efficiency of transforming solar 
radiation to simple organic carbon compounds, which 
are available for the formation of complex substances of 
content, is therefore a precondition for high energy yields. 

The chain reaction involves the storage of solar radi¬ 
ation in energy-rich phosphate compounds. These are 
utilized to incorporate C0 2 into the acceptor molecule 
Ribulose-l,5-bisphosphate (RuBP) by means of the 
activity of the enzyme Ribulose-l,5-bisphosphate car¬ 
boxylase oxygenase (RubisCO). As can be derived 
from the name, the enzyme also acts as an oxygenase. 
Hence, energy losses in the process of energy fixation 
are experienced. This part of the respiratory pro¬ 
cesses, which depends on the relation of 0 2 -to-C0 2 
partial pressure, is called photorespiration. 

Some plant species, which due to their differing 
physiology are called C 4 plants, possess an intra-leaf 
mechanism that enables them to retain C0 2 in their 
mesophyll cells. As this can result in C0 2 concentra¬ 
tions of up to 20 times as high as in most plants, C 4 
plants have major advantages in efficiency. The fact that 
sufficient C0 2 is available for metabolic processes 
results in a minimized loss from photorespiration. 
Furthermore, with an increased photosynthetic activ¬ 
ity, plants can respond to high light intensities, whereas 
insufficient concentrations of light are the limiting 
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factor for most C 3 plants in solar radiation of more 
than 250 W/m . This explains why only C 3 plants can 
profit from an increase in C0 2 concentrations in the 
atmosphere (Fig. 5). 

The efficiency of photosynthetic processes is 
theoretically determined by the amount of primarily 
generated carbohydrates in relation to the radiation 
provided. According to the basic processes of photo¬ 
synthesis, theoretical values of more than 30% for 
assimilation in the chloroplasts can be calculated. 
In fact, efficiency values are limited by some inevitable 
losses. 

Only a part of the solar radiation in the spectral 
range of 400-720 nm can be absorbed by pigments in 
the membranes of the chloroplasts. In relation to the 
overall radiation, this bandwidth covers only about half 
of the total energy reaching the earth’s surface. Losses 
from absorption by photosynthetically inactive struc¬ 
tures and from transmission and remission amount to 
at least 9%. Roughly, 8.5% of the primordial radiation 
is lost during absorption by pigments as thermal 
energy. This can be explained by the fact that the energy 
of the different photons within the bandwidth exceeds 
the energy needed for driving the separation of charges. 
The transportation of electrons and the secondary pro¬ 
cesses of carbon assimilation require 19-22%. Pro¬ 
cesses of photorespiration and dark respiration use 
another 6.2-7.3% in C 3 -plants; dark respiration in 04 - 
plants accounts for 4.9-5.8% of the losses relating to 
primordial energy. The differences in these ranges con¬ 
firm the advantage of C 4 -plants in terms of efficiency. 
In a nutshell, different authors published an overall 
maximum efficiency level of 5.1% (C 3 ) and 6% (C 4 ) 
in chemically fixed energy in relation to the available 
radiation energy [7-14]. 

Efficiency levels that can be practically achieved are 
significantly lower. Maximum levels that could be mea¬ 
sured in field experiments may reach a level of about 
3.8% [15]. 

From the agronomists’ point of view, it is vital that 
growing conditions are designed to allow for an 
approximation to the photosynthetically set limits of 
growth during the vegetation period. Harvesting and 
the reestablishment of a sufficient leaf-area index in the 
successive crop limit the time span for an optimized 


utilization of the progression of solar radiation in 
temperate climates (Fig. 4). 

Temperature and Water Usage All processes 
determining plant growth are influenced by tempera¬ 
ture. Depending on the species, a temperature range 
supplying optimum conditions for growth can be 
defined. C 4 -plants show higher optimum levels 
(above 30°C) than C 3 -plants (around 20°C). This can 
be explained by the relatively lower affinity of RubisCO 
for C0 2 . Additionally, in warm conditions, C0 2 has 
a relatively lower solubility level in comparison to 0 2 . 
However, if temperatures are too low, the higher energy 
exertion for the refixation and transport of C0 2 by 04 - 
plants can be observed; this explains why the efficiency 
advantage of these plants can only be realized under 
conditions of adequate temperatures (Fig. 5). 

Furthermore, temperature has an essential influ¬ 
ence on the water balance of crop stands. This balance 
is decisively determined by the transpiration of leaf 
surfaces and the uptake of water by the roots. Due to 
the temperature-dependent differences in water poten¬ 
tial between the atmosphere and the soil, water can 
move through the plant transporting nutrients and 
perform its essential functions in all the metabolic 
processes of the plant. 

Of utmost importance is the evaporation through 
the stomata, by which gas is exchanged with the 
surrounding. The opening of the stomata is regulated, 
which accounts for the fact that water and gas 
exchange processes of plants are directly related to 
each other. This also explains why the available 
amount of water during the vegetative span, as well 
as the efficiency of its usage is crucial for crop yield 
and security. 

During the growth period, values for the evapo- 
transpiration coefficient (ETC) of about 350 1 H 2 0/kg 
DM for winter wheat, about 250 1 H 2 0/kg DM for 
winter rape and approximately 200 1 H 2 0/kg DM 
for maize could be identified. Due to different 
growth periods, ETCs of winter-annual crops are 
higher than those of summer-annual crops. By 
nature, low temperatures and low radiation intensi¬ 
ties limit the growth of winter crops during long 
periods, so in relation to the available water, only 
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Biogas Production and Energy Crops. Figure 4 

Potential of plant production derived from the radiation levels available (1); percentage of available radiation used by the 
crop stand (2); and calculation of daily increment (3) for potatoes, sugar beet, and winter wheat ([16] according to [17]) 


little growth can take place. Hence, water consump¬ 
tion during the main growth periods should be 
regarded. In fully developed and healthy maize 
stands, this ranges roughly between 3.7 and 


4.3 mm/day. Due to the described intra-leaf mech¬ 
anism of C0 2 -refixation, maize, just like other 
C 4 -plants, exhibits higher water use efficiency 
(WUE). Still, necessary amounts of water cannot 
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Biogas Production and Energy Crops. Figure 5 

Theoretical energy conversion efficiencies of 
photosynthesis of C3- and C4- plants as a function of 
temperature and C0 2 -concentrations of the surrounding 
environments [14] 

be provided by precipitation, which in the largest 
part of central Europe averages only between 1.6- 
2.5 mm/day. Therefore, with an increased optimiza¬ 
tion of other growth factors, also in temperate 
regions, water increasingly becomes the central lim¬ 
iting factor for plant yields. 

In addition to the spatiotemporal distribution of 
precipitation, the soil functions of retention and 
storage of water from times in which water cannot 
be used for main growth periods is becoming 
increasingly important. Field capacity as well as 
the depth in which plants can potentially take up 
water by their roots is strongly determined by soil 
texture. In dry years, the effective root zone can 
vary between 50 (coarse sand) and 110 cm (loamy 
silt). By combining values of field capacities and 
effective root zone, the maximum amount of stored 
water available for plant growth varies between 30 
and 220 1/m . From this quantity of water in combi¬ 
nation with the amount of precipitation water added 
and the water use efficiency of plants, limits for the 
potential yield of crop stands under the given condi¬ 
tions can be estimated. 

Soil and Nutrient Supply Soil development is 
based on the processes of physical and chemical 
weathering and the successive translocation of sur¬ 
face rock substratum. Besides minerals of varying 


size and composition, air, water, and organic mass 
are part of the layer called the pedosphere. The 
organic mass contains dead biomass as well as living 
organisms that are involved in matter-transforming 
processes. 

Plants depend on absorbing all mineral nutrients 
(oxygen and carbon excluded) and trace elements from 
the soil. Therefore, physical and chemical properties of 
soils are essential for the attainment of yield potentials. 
Besides the thickness of the top soil layers, soil texture 
plays an important role. By structuring adhesion forces 
in the differently large pores, soil texture significantly 
determines the water storage capacity of soils (see 
above) and the capillary rise of water from deeper 
levels. 

Products from the weathering and transformation 
of matter also determine the ability of soils to store 
nutrients. The enormous surface area of minerals, 
which are part of the clay fraction, can fix ions that 
are dissolved in water (e.g., nutrient salts) in the pro¬ 
cess of adsorption. This protects them from being 
eluted; due to the reversibility of the process, they are 
still available for plants. 

Other than the composition of mineral constitu¬ 
ents of the soil, organic matter, which is supplied to 
soils and subsequently underlying constant de-, 
trans-, and reformation processes, is relevant for 
storage functions. Input matter for dead organic 
material, called humus, is mainly made up of harvest 
residues, green manure, and organic fertilizers such 
as fermentation residues from biogas plants. The 
enormous plurality of forms in which organic matter 
in soils exists can be structured by its stability with 
regard to decomposition processes. Non-humic 
substances like polysaccharides, amino acids, and 
P-compounds show little resistance to decomposition. 
In the course of decomposition, plant nutrients such 
as nitrogen (N), sulfur (S), and phosphorus (P) 
compounds as well as potassium (K), sodium (Na), 
magnesium (Mg), and calcium (Ca) salts are 
released. 

Parts of the organic matter, intensively altered with 
regard to morphology, show stabilization against fur¬ 
ther decomposition processes. These so-called humic 
substances form a large reservoir of nutrients due to 
their large exchange capacity. Furthermore, humic 
substances can occlude particulate organic matter 
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within their structure and form compounds with clay 
minerals. This, in addition to its positive influence of 
transformation and storage functions, leads to a friable 
soil structure and the so-called mellowness of the soil 
[18]. 

For maintaining central soil functions and 
a constant flow of nutrients, a steady recirculation of 
organic substances is necessary. Since most forms of 
energy cropping aim at maximizing the energetic 
utilization of aboveground biomass, conflicts of 
interests can arise (see section Humus Balance). 

From the perspective of plant production, planning 
the recirculation of residues is part of plant nutrition 
strategies. Central tasks in this planning are therefore to 
optimize the nutrition supply for the plants as well as 
to sustain and improve soil functions. The basic 
principle is that nutrients withdrawn from the soil 
should be returned. According to current knowledge, 
at least 14 elements are necessary for the normal 
development of plants. Quantities needed vary between 
the development stages, though. 

The strongest influence on yield is to be seen in 
the variation of nitrogen supply. The reason can be 
found in the fact that nitrogen (N) is largely rele¬ 
vant to mass development and that its prevalence in 
most soils, relative to other nutrients, is yield-lim¬ 
iting. The uptake from soils mostly happens in the 
form of Nitrate (N0 3 _ ) or Ammonium (NH 4 + ) ions. 
Besides organic fertilizers, the fixation of atmospheric 
elementary nitrogen in the course of cultivating 
legumes as well as the atmospheric deposition 
(caused, for example, by nitrogen emissions from 
combustion processes), the most important nitrogen 
source is mineral fertilizer. In contrast to nitrogen 
drawn from processes of the decomposition of organic 
matter, mineral fertilizer allows for a more pinpoint 
application. 

Apart from nitrogen, fertilizer application of phos¬ 
phorus (P) and calcium (Ca), as well as, depending on 
geological origin of the soil, of potassium (K) and 
Magnesium (Mg) has to be undertaken regularly. 
Phosphorus (P) is taken up by plants mainly in an 
inorganic form (H 2 P0 4 _ und HP0 4 _ ). It has a key 
function in energy-related processes and is 
a component of organic compounds that are crucial 
for a plant’s life. Potassium, Magnesium, and calcium 
are taken up as cations (K + , Mg ++ , and Ca ++ ) from the 


soil. Potassium is used for osmoregulation and 
influences numerous enzymatic reactions, which are 
important for the formation of macromolecules. 
Transportation of assimilates, winter hardiness, and 
drought resistance are raised by a good supply with 
potassium. Likewise, Magnesium is a nutrient for 
constructional and functional purposes. It is used in 
oxidation processes of the chlorophyll during radiation 
impact and is employed in energy-related metabolism 
as well as for the activation of enzymes. Calcium is an 
important component of the plants’ matrix structure 
but also accounts for the bulking state of plants and the 
activation of various enzymes. The application of 
calcium is mostly aimed at regulating pH-levels for 
the optimization of nutrient availability for plant 
nutrition. Furthermore it stabilizes soil texture due 
to its bond-building function, which prevents pud¬ 
dling, erosion, and oxygen shortage. Other nutrients 
are available in sufficient quantities in most central 
European agricultural soils. 

The amount of nitrogen fertilizer given should be 
oriented at the withdrawal of the plant stand. One 
of the central challenges is to plan optimum quan¬ 
tities before knowing the realizable yield. From an 
economic point of view, the optimum amount is 
characterized by the fact that the cost of the last 
unit of nitrogen given should be covered by the net 
revenue of the additionally attained amount of yield 
(marginal revenue). By approaching and exceeding 
the maximum attainable yield, the latter decreases 
(Fig. 6). 

An optimized application of fertilizer, which avoids 
sumptuary consumption, can contribute to minimiz¬ 
ing negative effects on the environment. Such negative 
effects are, for example, the leaching of nutrients into 
deeper soil layers, groundwater or receiving streams, 
nitrous gas emissions or the loss of nutrients into 
ecosystems by means of erosion processes. Risks of 
nitrate leaching are particularly high. Therefore, within 
Europe various regulations exist regarding fertilizer 
application. 

Organic Substance Groups as Raw Material for 
Anaerobic Digestion 

The different substances incorporated in plant matter 
show, depending on their specific composition, 
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Biogas Production and Energy Crops. Figure 6 

Relation between nutrient supply in the soil and in the plant respectively and the yield [19] 


a differentiated suitability for decomposition in 
anaerobic processes. Therefore, they can contribute in 
a differentiated manner to biogas and methane 
formation respectively which means, that the compo¬ 
sition of plant matter plays a decisive role for the 
usability of chemical energy fixed in the substrate. 

Organic Substance Groups The primary substances 
formed in the process of photosynthesis and the 
higher-molecular carbohydrates, lipids, and proteins 
formed in the following metabolic processes serve 
for the formation of the matter of plant cells, which 
are largely composed of macromolecules. The struc¬ 
ture of these macromolecules follows universal laws; 
largely, they are formed according to the principle 
of replication from smaller units that are similar or 
congeneric. 

For an assessment of the transformation of differ¬ 
ently composed material, long-term experiences in 
the field of ruminant nutrition can be referred to. 
The analysis of plant material and its description can 
be conducted by the Weende Analysis Standard and its 
extension by van Soest [20]. This standard does not 
produce exactly defined chemical substances as parts of 


the cell wall or cell interior, but it can deliver statements 
on the energy value and the usability for digestion 
processes. 

Internal Cell Substances In the field of ruminant 
nutrition, those parts of the cell substance that are 
soluble in a neutral detergent are called internal cell 
substances. A further subdivision can be done by 
classifying the different substances as part of different 
nonstructural carbohydrates, crude protein, crude fat, 
crude ash, or as part of the residual fraction. 

Crude ash is the inorganic part of the assay, 
which remains after incineration. Still, the minerals 
remaining are mostly not isolated constituents of 
plant matter but are mostly part of organic 
compounds. Crude protein includes the actual protein 
fractions as well as the nonprotein nitrogen 
compounds. Being the nitrogen-consisting fraction, 
crude protein is being calculated from the nitrogen 
content of the assay and the average nitrogen content 
of proteins. 

All substances that can be extracted using ether are 
called crude fat. Apart from actual fats (Triglycerides), 
this fraction also includes fat-like substances (lipoids). 
Nonstructural carbohydrates can be subdivided into 
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water-soluble carbohydrates; that is, sugars and 
fructanes that consist of a buildup of laevulose compo¬ 
nents as well as starch, which functions as the most 
important reserve carbohydrate build up of sugar com¬ 
ponents. All other substances soluble in a neutral deter¬ 
gent are called organic residues and mostly consist of 
organic acids. 

Cell Wall Substances (Skeletal Substance) Those parts 
of plant matter that are not soluble in a neutral 
detergent are called cell wall substances or NDF 
(neutral detergent fiber). A further subdivision can be 
made by classifying the different substances as part of 
the fraction of structural carbohydrates (pectins, 
hemicelluloses, and cellulose) or lignin. 

Cellulose forms the skeletal substance of the 
non-lignified cell walls and is relevant for the tensile 
strength of the plant. The buildup is formed by the 
connection of monosaccharides (D-Glucose) by hydro¬ 
gen bonds. The collective term hemicellulose includes 
a variety of other polysaccharides. Unlike cellulose, 


these consist of a variety of different monomers and 
a branching buildup. In combination with pectins and 
most of all, lignin, hemicellulose forms the cell wall 
matrix in which cellulose fibers are embedded. In the 
course of plant development and aging, the share of 
the different components in the cell wall changes. 
From primary to secondary cell wall structures, the 
share of pectin and hemicellulose falls while the 
share of lignin rises. 

Analytically the combination of cellulose and 
lignin can be found as insoluble substances in 
acid detergent (ADF: Acid detergent fiber). Approxi¬ 
mately, this fraction is comparable to the former crude 
fiber content of the Weende Analysis Standard , which 
comprises a lesser detailed subdivision of substance 
groups. 

Figure 7 shows the development of different sub¬ 
stance groups during the generative phase from the 
example of a maize plant. The change of cob mass in 
relation to the mass of the rest of the plant due to an 
increased storage of starch becomes very obvious. 
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Biogas Production and Energy Crops. Figure 7 

Development of the dry matter content (DM%) and substance composition of a maize plant from flowering to threshing 
ripeness (subdivided into cob and stover) ([21], complemented and altered) 
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Biogas Production and Energy Crops. Table 1 Substance composition of different energy plants for potential use in 
anaerobic digestion (Data from EVA - project [22, 23]) 


Crops 

Crude 

Ash 

ADL 

Cellulose 

Hemicellulose 

Organic 

Rest 

Crude 

Protein 

Crude 

Fat 

Starch 

Sugar 

Maize (early dough/dough) 

4.3 

3.4 

23.1 

22.8 

9.5 

8.0 

2.5 

15.6 

10.8 

Sugar beet, clean 

16.6 

0.2 

21.0 

21.6 

0.6 

15.9 

2.1 

0.0 

22.0 

Winter triticale WC (medium milk - 
early dough) 

4.8 

4.8 

27.8 

22.7 

8.0 

8.4 

1.8 

7.4 

14.4 

Clover grass first cut 

9.8 

2.8 

28.2 

11.8 

17.4 

13.7 

3.0 

1.6 

11.7 

Clover grass third cut 

12.1 

5.6 

27.5 

8.0 

18.0 

16.6 

3.3 

3.7 

5.2 

Cup plant 

9.7 




8.3 

19.8 

1.8 



Sorghum (Bicolor x sudonense) 
(up to early dough) 

5.4 

5.9 

30.9 

25.5 

7.4 

8.5 

1.7 

3.5 

11.1 


WC whole crop 


At the same time, due to the transport and transforma¬ 
tion of sugars as well as the lignification of the cell wall 
(characterized as crude fiber) and the digestibility of 
the stover sinks considerably. 

Accordingly, Table 1 shows characterization of 
potential energy plant substrates for silage preparation. 
Values are given for “optimum” harvest dates for 
ensiling processes and anaerobic digestion. 

Substrate Requirements and Biogas Yields Simple 
carbohydrates, fats, and proteins are the most accessi¬ 
ble nutrients for bacteria involved in the process of 
anaerobic digestion. Thus, substrates containing high 
percentages of sugar and starch can be used to 
react quickly to low supply situations of the bacteria. 
Lignin, on the other hand, can be characterized as inert 
inside the fermenter and has no value for biogas 
production. Cellulose and hemicellulose form an 
interim position (Fig. 8). Also the digestibility of 
these groups can be limited by their being included in 
lignin-cellulose-hemicellulose complexes. In addition 
to the share of lignin, a mass of approximately 
1.4 times this amount cannot be digested by the bacte¬ 
ria involved [24]. 

Planning of fermenter volume and the retention 
time or volume load is therefore also linked to the 
characteristics of substrates. The larger the share of 
slowly digestible substance groups, the larger the 


size of the fermenter to be constructed, in order 
to allow for an extensive digestion of organic matter 
(e.g., [25]). 

Additionally, in planning other parts of the biogas 
plant, the feedstock plays a major role. Feeding, 
stirring, and pumping/discharging technology should 
be chosen according to the characteristics of substrates, 
for example, regarding the tendency to form deposition 
or floating layers [27]. 

While these characteristics influence the investment 
cost, the direct revenue of feedstocks is largely 
depending on their specific biogas formation potential. 
An approach to the derivation of the biogas formation 
potential is to be seen in stoichiometric calculations 
(e.g., [28-31] ). According to these sources, the elemen¬ 
tary composition of plant material (C, H, and O) allows 
for an approximate estimation of the gas formation 
potential (see, e.g., Table 2). 

Due to the fact that values are calculated for 
a complete digestion of substances for the derivation 
of practically achievable yields, it is necessary to involve 
the actually digestible share of each substance group. 
One frequently used approach is to be seen in the 
utilization of digestibility coefficients known from 
feeding experiments, which are multiplied with poten¬ 
tial methane yields (e.g., [32] based on [22, 30]). 
Despite various formulas that have been suggested 
(e.g., [33-35]), the usability for a wide range of plant 
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Sugar (Mono / Disaccharids) 

Starch (Polysaccharids) 

Proteins 

Pectines (Polysaccarids) 

Hemicellulose (Polysaccharide) 
Cellulose (Polysaccharide) 

Lignin 

Wax 


Resin, tannin 


Estimated boundaries of Retention time (HRT) 

technically/economically optimum 
range of retention time 


Biogas Production and Energy Crops. Figure 8 

Digestion time of different substances [26] 


Biogas Production and Energy Crops. Table 2 Potential and composition of biogas from different substance groups [31] 


Substance group 

Molar weight 
(g/mol) 

Molar share of C0 2 and CH 4 in 
biogas (mol) 

Molar volume of 
biogas (g/mol) 

Potential biogas 
yield (l/g) 

Carbohydrates 

CeH 12^6 or (CH 20 ) n 

180 

3 C0 2 + 3 CH 4 

6-22.4 = 134.4 

134.4/180 = 0.746 

Fats, e.g., Palmitin 
C 16 H3 2 02 

256 

4.5 C0 2 + 11.5 CH 4 

16-22.4 = 358.4 

358.4/256 = 1.39 

Proteins incorp. 21 
amino acids 
£ 13 ^ 2507 ( 1 ^ 3 $) 

367 

5.125 C0 2 + 7.857 CH 4 

13-22.4 = 291 

291/367 = 0.79 

Plant biomass 

C38H60O26 

932 

I 8 CO 2 + 2 O ch 4 

38-22.4 = 851 

851/932 = 0.91 


and substrate types is limited in its validity, due to a so 
far non-sufficient parameterization for different plants 
and harvest stages. 

Another possibility is the identification of gas yields 
using laboratory methods, for example, the utilization 
of batch tests (e.g., [36]). Methane yields for different 
energy crop substrates are shown in Fig. 9. Based on 
findings from different plant species a correlation 
between methane yield and the lignin content (R = 
0.78) or the sum of lignin and cellulose (R = 0.60) can 
be seen [37]. Low methane yields of the Asteraceae 
sunflower and Jerusalem artichoke as well as 
Miscanthus go along with high lignin shares in plant 
matter. 


Since minerals (ash) do not hold a proper meth¬ 
ane formation potential, gas yields are given as the 
potential per unit of organic dry matter (unit: liters 
under standard conditions for temperature and 
pressure per kg of organic dry matter l N /kg DM). 
For the metabolic processes of bacteria, which are 
involved in the process of digestion, a variety of 
minerals are required. Roughly a relation of 
600:15:5:1 of C:N:P:K is regarded as optimal [27]. 
A lack of availability of elements such as nitrogen 
(C:N > 40) can limit the growth of bacteria. The 
same applies for potassium, sodium, calcium, and 
a variety of other trace elements (e.g., Co, Ni, Mo, 
Se, Fe). Optimum concentrations are commonly 
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Biogas Production and Energy Crops. Figure 9 

Methane yields and lignin content of silages from different plant material. Values shown are identified according 
to VDI 4360 and do not include ensiling losses. ([37]; sugar beet according to [38]; cup plant calculated value 
according to [39]) 


approximated at between 1 and 10 mg/1 for iron, 
0.005-0.5 mg/1 for Nickel, 0.003-0.06 mg/1 
for cobalt, and 0.005-0.05 mg/1 for Molybdenum. 
For co-digesting manure, a sufficient supply of bac¬ 
teria is, in most cases, provided. With very high 
concentrations of nutrients, risks of inhibition of 
digestion processes rise. 

Accordingly, nitrogen can lead to toxic reactions 
and the inhibition of bacterial activity by the formation 
of ammonia (C:N < 15:1). High sulfur values can lead 
to the formation of hydrogen sulfide, which - in 
sparsely adapted conditions in the fermenter - can 
lead to inhibitions at concentrations of 50 mg/1 and 
above. Furthermore, its corrosive impact on copper 
and copper-compounds should be mentioned. Table 3 
shows data on critical concentrations. It should 
be noted though, that vast interactions between inhib¬ 
itors limit the force of expression of single values. 
Additionally, bacteria involved are able to adapt to 
and, in some parts, even decompose some inhibiting 
compounds [40]. 


Apart from the crop used, substrate characteris¬ 
tics can also be influenced by the date of harvesting, 
the choice of which should aim at optimum yield 
and conservation properties (Fig. 7). Choice of crops 
can influence soil input into the fermenter, which can 
lead to deposition layers such as in the case of sugar 
beet (below). Furthermore, chopping size, which 
influences the surface area prone to microbiological 
attack as well as the tendency of a substrate to form 
floating layers, are factors influencing the fermenta¬ 
tion process. 

Production Systems for Different Energy Crops 

Intensive breeding work and optimized production 
systems were able to contribute to a major increase in 
the yield of agricultural crops during the last decades. 
Therefore, many of the crops used for biogas purposes 
are crops known from food or feed production, which 
are harvested at the time of maximum biomass yields 
for silage preparation. 
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Biogas Production and Energy Crops. Table 3 Critical 
concentrations of different inhibitors in biogas reactors. 
Shown in brackets are values for adapted bacteria 
populations [40] 


Inhibitor 

Critical concentration 

Sodium 

6-30 g/l (60 g/l) 

Potassium 

3 g/l 

Calcium 

2.8 g/l CaCI 2 

Magnesium 

2.4 g/l MgCI 2 

Ammonium/ 

ammonia 

2.7-10 g/l (30 g/l)/ 

0.15 g/l 

Sulfur 

50 mg/I H 2 S; 100 mg/I 

S 2 -160 mg/I Na 2 S 

(1,000 mg/I H 2 S; 600 mg/I Na 2 S) 

Nickel 

10 mg/I 

Copper 

40 mg/I; carbonate 170 mg/I 

Chrome 

130 mg/I; carbonate 530 mg/I 

Plumbum 

340 mg/I 

Zinc 

400 mg/I; carbonate 160 mg/I 

Iron 

Carbonate 1,750 mg/I 


Besides crops from the family of Poaceae (true 
grasses such as maize, sorghum, and other cereals), 
leaf fruits like sugar beet can also be used. Currently, 
perennial types of the family of Asteraceae (aster fam¬ 
ily), Malvaceae (mallow family), and Polygonaceae 
(knotweed family) are also in discussion. Brassica 
(mustard family) types are not suitable due to high 
sulfur contents in the plant material. 

Maize 

Distribution and relevance Worldwide, maize ( Zea 
mays) is one of the major agricultural crops. It 
belongs to the family of true grasses ( Poaceae ) and is 
a C 4 -plant. Globally, it is dominantly cultivated for 
food production as grain maize. The cropping of 
maize in temperate climates could be extended largely 
by the development of adapted breeds that were 
developed during the last decades. In temperate 
climates, silage maize (SM) for fodder production 
(harvesting and ensiling at dough stage, Fig. 7) is of 
highest relevance. Regionally, the cropping area of 


maize has been increased by an increased biogas 
production (Fig. 2). To some extent, new breeds sold 
especially for biogas production are grown (see 
section “Breeding”). 

Demands on site and climate Maize requires 200 mm 
of precipitation during its vegetation span, whereas the 
main demand is set during the flowering period. The 
crop is less demanding with regard to soil type; 
however, more importance is given to soil structure. 
A good supply of nutrients and water is only 
guaranteed if the soil is well penetrable for rooting. 
For germination, a soil temperature of between 8°C 
and 10°C is needed. 

Temperature remains largely the limiting factor in 
temperate climates. Even precocious breeds demand 
minimum mean air temperatures of more than 13°C 
during summer months (May to September) [41]. 
Temperature sums can therefore provide information 
for choosing a breed adapted to the site-specific 
growing period. They are also used for harvest date 
prognosis models. 

An international classification of maize breeds, 
albeit not specified by utilization purposes, is given by 
the three-digit FAO number. The first and second digits 
refer to ripeness classification and subclassification 
respectively. Under central European conditions, 
a difference of 10 units roughly describes a difference 
in ripening of 1-2 days [42]. Breeding approaches 
aiming at the provision of breeds for the specialized 
purpose of biogas production use breeding material 
with higher FAO classifications. Yield increases could 
be noted on comparatively warm sites. The difference 
in FAO numbers should not exceed 30-40 due to 
the danger of not reaching sufficient dry matter values 
of >30%. 

Distinctive aspects of cropping system Commonly, 
sowing is done with single-seed sowing techniques 
with row distances of 75 cm. A low coverage level 
during early summer (around June) leads to 
a comparably high exposure to the increasingly 
erosive precipitation. Accordingly, on sites with 
a slope of more than 5%, erosion risks have to be 
taken into account. These risks can be encountered by 
using lower row width, under-sown crops, or non¬ 
tillage systems. Non-tillage systems can be well used 
after the harvest of a winter (first or inter-)crop for the 
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establishment of maize. To avoid yield risks, slow 
development in early growth stages also makes weed 
control necessary. 

Some investigations point out an influence of the 
harvest date on the specific methane yield of maize, 
while other results show no significant changes within 
the possible harvest time [43, 44]. Despite the possibil¬ 
ity of higher methane yields (l N /kg oDM) at early 
stages, investigations have shown that dry matter incre¬ 
ment during the ripeness phase makes higher overall 
methane yields per hectare possible [35, 43], so most 
probably, substrate quality issues for ensiling (maxi¬ 
mum 35% DM) determine optimum harvest date. 

Apart from the high efficiency in using available 
water resources, the nutrient efficiency of maize is 
also very high. Per ton of dry matter, a withdrawal of 
11-13 kg N, 2.1-2.6 kg P, 12-13.5 kg K, 2.5-3 kg Ca, 
and 1.8 kg Mg is a common range for analysis and for 
the estimation of the required amount of fertilizer. 

Sorghum 

Distribution and relevance Sorghum, just like maize, 
is part of the true grasses ( poaceae ) family and a 04 - 
plant. Cropping of sorghum is most relevant on the 
African continent, where it is mostly grown for grain 
utilization for food purposes. In the USA, sorghum is 
also highly relevant for silage preparation especially in 
the regions of the Great Plains where other fodder 
crops risk high yield losses due to summer drought. 
Sorghum bicolor and Sorghum sudanense as well as 
hybrid breeds of Sorghum bicolor and Sorgum 
sudanense are currently discussed and tested as 
substrates for biogas production. 

Demands on site and climate The different sorghum 
types have a much higher demand regarding 
temperature conditions in comparison to maize. For 
germination, minimum soil temperatures of 14°C are 
needed [45]. Temperature sum from May to October 
should at least add up to 2,000°C (>5°C) [46]. 
Sorghum is frost-susceptible: Below temperatures of 
4°C, it can suffer cold injuries. 

To develop its characteristic rooting, sorghum 
breeds require deep soils without compactions. Despite 
slower root development, the subsequent deep rooting 
makes it possible to adequately utilize soil water and 
hence leads to good drought resistance properties and 


very fast growth during summer months. Compared to 
maize, this is one of the decisive advantages of sorghum 
breeds (e.g., [47, 48]). 

Experiments in Central Europe show a high yield 
potential for sorghum breeds. In many cases, the dura¬ 
tion of the vegetation span was not sufficient for the 
development of sufficient dry matter values [49]. 

Distinctive aspects of the cropping system Sowing can 
be done with standard drill sowing techniques at 
a depth of about 2-3 cm. After a rather slow 
development in early development stages (especially 
in low temperature conditions), sorghum breeds 
show a rapid growth. In contrast to maize, sorghum 
tillers with 2-3 (bicolor - breeds) or 4-6 ( sudanense/ 
sudanense x bicolor - breeds) shoots respectively. 
Sudanense and sudanense x bicolor types can 
potentially be harvested more than once a year. 
Advantages in yield are not to be expected under 
Central European conditions and dry matter contents 
will not be reached in any of the cuts. 

The height of sorghum breeds can exceed 4 m; 
however, it should be mentioned that tall-growing 
breeds often lack a sufficient stability. Sorghum shows 
a good appropriation of nutrients and can accordingly, 
similar to maize, make use of organic fertilizers. 
Withdrawal of nutrients for silage sorghum equals 
approximately 11 kg N, 4 kg P, 12.5 kg K, 1.5 kg Ca, 
and 1.2 kg of Mg per ton of dry matter. 

The high sugar content of more than 20% for many 
bicolor- breeds (which are also specified as Sorghum 
bicolor ssp. Saccharatum ) [50] lead to comparatively 
good ensiling properties. On the other hand, the 
lignin/crude fiber content is comparatively high, 
which leads to methane yields per mass unit that are 
around 10% lower than those of maize. In some breeds, 
there are high values in hydrocyanic acid, which are 
problematic for utilization as fodder but however do 
not inhibit anaerobic digestion properties [51]. 

Whole-Crop Cereals 

Distribution and relevance Whole-crop cereals are 
cereals yielded from the early milk stage for silage 
preparation by the utilization of the entire plant matter. 
Generally, all cereals that are productive in market cereal 
production are suitable for this utilization purpose. In 
Central Europe, this encompasses predominantly wheat, 
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rye, triticale, and barley. Due to their higher yield 
expectancy, winter forms are preferred for substrate 
production. Grain-straw ratios in earlier literature 
suggested a high yield potential of the summer-annual 
oat; though, this could not be confirmed in testing newer 
breeds [49]. 

Demands on site and climate Winter forms of cereals 
are sown in autumn and demand the impact of cold 
temperatures during early growth (vernalization) to be 
able to proceed to the generative phase. This period of 
cold temperatures is shorter in winter barley 
(20-40 days) than in winter rye and winter triticale 
(30-60 days) and winter wheat (40-70 days). Spring 
forms of cereals do not demand vernalization and are 
sown as early as possible in spring (Central Europe: 
March). The gradation in genotype disposition, in 
terms of temperature demand and photoperiodic 
reaction, therefore play a major role for the question 
of suitability. 

Germination of cereals starts at low temperatures. 
Rye has the lowest demand with temperatures of 
1-3° C. Minimum temperatures for the net primary 
production of most cereals are around 3-5° C, and for 
oats between 4 and 6°C. Winter hardiness differs 
between the different types of cereals. While winter 
rye can sustain snowless frost periods with tempera¬ 
tures of up to — 25° C, temperature values of around 
—20° C for winter triticale and winter wheat and of 
around — 15°C for winter barley can be sustained. 
After field emergence in spring, oat can also sustain 
frosts of —6° C. 

Winter wheat has the highest water and soil 
requirements and - when provided - shows high pro¬ 
ductivity. On lighter soils, rye can produce yields sim¬ 
ilar to those of winter wheat. Barley also has fairly low 
requirements concerning soil quality. Triticale, as 
a cross of wheat and rye, was supposed to combine 
the relatively low requirements of rye with the high 
yield potentials of wheat. High whole-crop yield poten¬ 
tials on sites providing good soil characteristics can be 
confirmed. Since the crop ratio of comparatively high- 
yielding wheat is already high on accordant sites, winter 
triticale is being recommended because in addition to 
its high-yielding potential, its cultivation provides pos¬ 
sibilities to extend crop rotations (see section “Cropping 
Systems”). On low-yielding sites, winter rye has the 


best suitability in whole-crop cereal production as 
well. Rye shows higher self-compatibility than wheat, 
which lowers the necessity for alternatives. 

Winter cereals, just as other C 3 -plants, commonly 
have lower water use efficiency than C 4 -plants such as 
maize or sorghum. The decisive advantage of winter 
annuality is that in temperate climates, during tillering 
and stem elongation stages, these plants can convert 
winter precipitation stored in soils much better into 
biomass. 

Distinctive aspects of cropping system In general, 
cropping systems for cereals aimed at substrate 
production are to be oriented at market cereal 
production. From an agronomic point of view, during 
the last years, various options to reduce factor intensity 
have been discussed. These discussions were based on 
the changed quality requirements and the shorter 
growing periods of whole-crop cereals (see 
section “Factor Intensity”). 

Biomass yield of cereals can increase until the stage 
of yellow ripeness. From then respiration of assimilates 
and loss of leafs lead to a net yield reduction [52]. For 
the choice of harvest time, considerations on 
intended silage quality and the establishment of 
a subsequent crop play a major role. For instance, 
during yellow ripeness, dry matter contents exceed 
the optimum range in many cases. Accordingly, 
simultaneous optimization of yield and ensiling 
properties, brings about short time frames for 
harvesting in most years at the end of milky stage. 
Since the correlation between dry matter content and 
the development stage is low, tentative testing of plant 
material before harvest is advisable. From the view¬ 
point of crop rotation design, harvest time can also be 
influenced by the choice of cereal. Winter barley 
reaches an optimum harvest time much earlier than 
winter wheat (Fig. 10). 

Depending on the type of cereal and the harvest 
stage, withdrawal of nutrients from the early milk stage 
amount to 11-15 kg N, 2-2.5 kg P, 14-17.5 kg K, 
0.9-1.2 t Mg, 2-3.2 kg Ca per ton of dry matter. 

Cropping systems for whole-crop cereals should 
not be mistaken for intercropping systems. Green¬ 
cutting of rye, for which special breeds are sold, starts 
from the visibility of the first awns. Yield quantity 
can be approximated at around half of the yield of 
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Rye (4 years) Triticale (6 years) 

Wheat (3 years) —Barley (4 years) 
—Oat (3 years) —Rape (4 years) 


Biogas Production and Energy Crops. Figure 10 

Development of dry matter for winter rape, barley, rye, 
wheat, triticale, and oat on central German sites [52] 


whole-crop yields. Due to low dry matter contents, 
swathing and pre-wilting is required in many cases. 

Yields of winter cereals vary, depending on site 
characteristics, according to grain production largely. 
On loess-influenced sites, yields of up to 20 t DM can 
be achieved. On sandy soils, yield expectations are 
approximately half of this value. Despite these major 
differences between the different sites, intertemporal 
yield variations on the specific sites are lower than 
those of maize. 

Sugar Beet 

Distribution and relevance Sugar beet ( Beta vulgaris 
ssp. maritima) is mainly grown in Central Europe. As 
the beet may take advantage of large parts of the 
available vegetation period of temperate climates, it is 
one of the most yielding crops in those regions. Due to 
the reform of the Common Market Organization for 
sugar in 2006, sugar beet cropping for sugar 
production has sensibly gone down. As expertise and 
machinery still exist, there is growing interest for the 
utilization of sugar beet for other purposes. Therefore, 
technical equipment and machinery must be adapted 
correspondingly. 


Other than sugar beet, fodder beet is of less impor¬ 
tance. As they have low dry matter contents and the 
existing varieties lack resistance against Rhizomania, 
leaf spot, or nematodes, it is at present not of interest 
to grow fodder beet for biogas production. 

Demands on site and climate Sugar beet cropping is 
done best on deep, medium-heavy soils that allow good 
rooting. Therefore, chernozem and brown earth with 
loess with a stable soil structure and a high, usable field 
capacity are particularly well suited. From the point of 
view of substrate production, keeping troublesome 
substances away from the digester is an issue of 
decisive importance. Beets from sandy soils have less 
soil tare, while loam, clay, or silt adheres more easily to 
the beets. However, practical experience has shown that 
such particles stay in suspension due to agitating and 
pumping in the digester; they stick to organic matter 
and thus leave the digester with the residues. Sand, 
however, tends to sediment and form a layer. Another 
problem, which is much more dangerous, arises from 
stones, as they might damage the feeding system and 
the agitators. Therefore, cost-saving technologies to 
remove hazardous material before it gets into the 
digesters will be of decisive importance in the future. 
At present, mobile units to clean the beet are being 
developed. 

Distinctive aspects of cropping system The sugar beet is 
drilled in rows with a special precision drill as soon as 
the soil is well settled and dry, and night frosts are not 
any more to be expected. It is better to drill later instead 
of disturbing and hindering the sugar beets’ growth by 
soil compaction as a consequence of the wrong soil 
management. 

In conventional sugar beet cropping, the extraction 
rate per ton of dry matter is around 8 kg N, 1.8 kg P, 
9 kg K, 2.2 kg Mg (the root) and/or 22 kg N, 2.8 kg P, 
27 kg K, and 3.3 kg Mg (leaves). The quality parameters 
of sugar production do not apply to sugar beet 
cropping for biogas production; fertilization programs 
may thus be modified. More nitrogen fertilization leads 
to disproportionate increase of leaf growth compared 
to root growth. Nitrogen fertilization should not be 
increased by more than 20% with regard to the level 
applied for sugar beet for sugar production. It may be 
that boron could be necessary at canopy closure to 
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prevent from heart and root rot, especially if the beets 
are supposed to be stored in field clamps for a longer 
period. 

Other than for sugar production, the grown bio¬ 
mass of beets should be used completely. When 
defoliating the beets, they are not topped but only 
stripped of their leaves, and the crown is harvested 
together with the root. This allows a surplus yield of 
5-10% [53]. However, when using this method, sugar 
beets should be fed into the digesters before too long, as 
the leaves may start to regrow. Sugar beet leaves are to 
be considered an additional yield factor, as the leaves 
mean an additional fresh matter yield of around 
3.5-4.0 t of dry matter/ha, the equivalent of up to 
15% more methane yield per hectare. But as leaves 
contain less energy than the roots, in general only 
short transport distances are profitable. 

As sugar beets have a low dry matter content and 
are therefore less suitable for silage, bridging the time 
between the moment the beet is mature and the 
moment it is fed into the digester constitutes a certain 
challenge. 

Storing the fresh beets in clamps and feeding them 
into the biogas production plant is possible between 
the months of September through mid-February under 
Central European conditions. However, clamps should 
be covered by mid-November. When clamps thaw after 
long periods of frost, the beets should be processed as 
soon as possible. At present, it is checked whether the 
beets may remain in the soil during winter and be 
harvested before bolting. Compared to storage in 
clamps, relatively mild winters thus allowed gaining 
yield surpluses of 10% [54]. With less favorable condi¬ 
tions and strong ground frosts, however, it is necessary 
to harvest and process the beets as quickly as possible. 

When beets are to be stored for a longer term, they 
must be ensiled. The latest findings open up the 
following possibilities: 

1. Ensiling in plastic tunnels: Up to now, good expe¬ 
riences have been made with ensiling whole beets. 
Chopped beets in foil tunnels would run the risk of 
causing the tunnel to burst due to the resulting 
seepage. 

2. Ensiling entire beets in bunker silos: The density of 
the sugar beets changes in the course of the ensiling 
process. The piles slump down to almost half the 


height during ensiling. Sampling of such beets has 
shown pH-values of 3.5. In any case, it is important 
to collect the seepage. 

3. Ensiling as mixed silage with maize: Good experi¬ 
ences have been made during the past years with 
mixed silage (maize/sugar beets in layers with 
a ratio of up to 50/50) in bunker silos. The main 
challenge consists of finding an optimal harvest 
date for sugar beets and maize, and coordinating 
two harvesting processes for different crops at 
a time. For example, in large parts of Germany, 
maize is harvested during mid-September until 
the end of the month - a time, where sugar beets 
have not yet reached their maximum yield. There¬ 
fore, a late maize variety should be chosen (see 
section “Breeding”). Another possibility is ensiling 
beets together with dryer substances, for example, 
ground ear maize (GEM). In such cases, even a ratio 
of up to 70% of sugar beets would be possible. 

4. Ensiling in existing tower silos: If tower silos already 
exist, they are useful. Main stress should be put on 
producing beet pulp which is as homogeneous as 
possible, to avoid sedimentation in the silo. 

Depending on the storage method, it is neces¬ 
sary to provide for adequate chopping technique 
before and/or after storage. Practical experience 
has shown that when whole beets are stored, it is 
sufficient for fermentation needs to chop the beets 
to a size of 3-4 to 1 cm, to take advantage of the 
specific properties offered by sugar beets for biogas 
production. 

These favorable properties are quick fermentation 
(Fig. 8), high methane yields (Fig. 9), easy pumpability, 
and a process-stabilizing influence compared to the 
specific acid values prevailing in biogas plants despite 
quick acidification in the digester when sugar beets are 
fed in [55]. 

Perennial Forage Grasses and Forage Mixtures 

Distribution and relevance Multi-cut forage crops 
consist of annual and perennial grasses, small-seed 
legumes or mixtures including various types. In Europe, 
these were traditionally grown to provide protein-rich 
fodder for dairy cows. Due to the expansion of maize 
cropping, the crop ratio of perennial fodder plants 
decreased largely [42]. In Europe, grasses cultivated 
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include mostly species from the Poaceae subfamily of 
Pooideae , mainly ryegrass ( Lolium ), Festuce ( Festuca ) 
and hybrid crossings ( Festulolium ) accordingly as well 
as Timothy grass ( Phleum ) breeds and cocksfoot 
(.Dactylis glomerata). 

During the last years, perennial warm-season 
grasses of the Poaceae subfamily of Panicoideae such 
as Miscanthus ( Miscanthus Gigantheus ), Andropogon 
(.Andropogon gerardii ), or Switchgrass ( Panicum 
virgatum) were also tested for energy cropping in tem¬ 
perate climates. According to current knowledge, good 
yields can be achieved with warm-season grasses. For 
the utilization as a biogas substrate an extensive ligni- 
fication (Miscanthus, Fig. 9), a lack of persistence or 
a high damage from early cuts proved to be disadvan¬ 
tageous [56] . As such, other conversion routes are more 
reasonable (see other article, e.g., on combustion). 

Demands on site and climate Production of grasses and 
forage mixtures can be set on all arable sites. Mostly, it is 
advantageous on sites that are too cold for the cropping 
of maize or sorghum or where late frosts in spring or 
early frosts in autumn are to be expected. For the 
cropping of red clover (and grass mixtures), continental 
sites with average precipitation levels of 650 mm are most 
suited. Ryegrasses show suitability on fresh to moist sites 
with precipitation of more than 650 mm. Alfalfa (and 
grass mixtures) are advantageous on anhydromorph 
calcareous soils and weathered loess soils. Alfalfa and 
cocksfoot are also advantageous on drier sites. 

Distinctive aspects of cropping system For an optimum 
choice, apart from site characteristics, the planned 
utilization period is of major importance. Generally, 
the cropping of mixtures is preferable due to weather 
and utilization conditions, risk minimization, and 
their higher adaptation potential to the specific site. 
Furthermore, the nitrogen fixation of mixtures, 
including legumes, as well as the positive impact of 
perennial grasses and mixtures on the humus balance 
should be included into the evaluation. 

The choice of cutting frequency influences the spe¬ 
cific methane yield as well as the yield of perennial 
forage cropping. In later and hence reduced cutting 
during the vegetation span, substrates may on the one 
hand become less digestible. On the other hand, yield 
increases. According to current knowledge, reduced 


cutting frequency, which means 3-4 cuts instead of 
4-5 cuts can be advantageous and lead to a 10% 
increase in overall methane yields per hectare [57-59]. 

Due to the low dry matter content of the cuts of 
grasses and forage mixtures, fresh material shows low 
suitability for ensiling. Commonly, swathing and pre¬ 
wilting to a dry matter content of 30% is done before 
the work step of picking up under the precondition of 
sufficiently warm conditions. 

Overall, during the main utilization years, yields 
of ryegrass mixtures on maritime influenced sites can 
exceed 20 t DM/ha, on better but in summer dryer 
continental sites, yield of 16 t DM/ha can be 
achieved. Multi-cut systems including production 
steps for swathing demand higher production costs 
per hectare. Due to low income of fodder production 
from permanent grassland, the utilization of these 
sites for energetic purposes might increase as well 
[60, 61]. 

Additional “New” Energy Crops Given the specific 
substrate requirements of the utilization pathway of 
anaerobic digestion, during the last years, the cropping 
of a range of other energy crops that have no or only 
little share in current cropping systems of temperate 
agricultural regions has been discussed. Whereas 
knowledge on the cropping of some of these plants as 
the cup plant ( Silphium perfoliatum) or the Jerusalem 
artichoke ( Helianthus tuberosus L.) exists, for other 
options, very little experience is reported. 

Cup Plant (Silphium perfoliatum) The cup plant is 
a perennial plant of the aster family {asteracea) that 
originates from the temperate regions of North 
America. While little experience in agricultural 
cultivation has been made there, the plant was tested 
in the 1970s and 1980s in Japan, Russia, and Eastern 
Germany among others concerning its properties as 
a fodder plant [62]. Due to lack of seed production, 
cultivation could not be implemented practically. 

Demands of the cup plant with regard to soil tex¬ 
ture is not high; it can also be cultivated on sandy soils 
at fairly low annual precipitation levels of 350-440 mm. 
Water-logged soils are not suitable; best growth can be 
expected on humus sites with good water supply. For 
germination, seeds require a longer phase of cool or 
changing temperatures. 
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For the establishment of practically applicable 
cropping systems, current works focus on the 
pretreatment of seed and single-seed sowing tech¬ 
niques - currently establishment has to be done, 
using seedlings. During the year of establishment, 
plant development is slow and no linear growth takes 
place. Weed control is necessary. Planting should be 
finished at the beginning of June, to tap the full yield 
potential from the second year on. As a utilization 
period, a 15-year period is currently being focused on. 
Nutrient withdrawal amounts to 10 kg N, 1.9 kg P, 
16-17 kg K, and 4 kg Mg per t DM. 

Harvesting starts from the flowering period at dry 
matter contents of 28-30%. Ensiling properties are good 
and deliver methane yields that are slightly lower than 
those of maize at 3001 N /kg DM (Fig. 9). Yields of 17-20 
t DM/ha from the second year on better soils [39] and 
12 t DM/on weaker soils [63] can lead to the appraisal 
that the cup plant might in future be a new crop for 
energy production in temperate climates. 

Jerusalem Artichoke (Helianthus tuberosus L.) Jerusalem 
artichoke is, like the cup plant, part of the aster family 
{Asteraceae) . Instead of starch, the plant uses Inulin, 
a fructose-polysaccharide, as a reserve carbohydrate. 
This is stored in irregularly shaped tubers measuring 
up to 10 cm in diameter from which several pith-filled 
stems of up to 3 m in length are formed. 

Jerusalem artichoke also grows on sandy soils and 
shallow alteration soils. High yields require a good 
water supply during summer months. For the utiliza¬ 
tion of the tubers, the same restrictions apply as for the 
utilization of sugar beet. This means, that sites should 
be avoided, that entail an intensive input of soil, 
especially sand and stones into the fermenter. 

Since plants do not reach seed ripeness in temperate 
climates, reproduction is done vegetatively using 
potato planters for the deposition of tuber. Choice of 
breeds and planting density depend on the utilization 
aim. For the utilization of aboveground biomass, 
the planting density is lower (about 40,000 tubers/ha) 
than for the utilization of tuber biomass itself 
(45,000-50,000 tubers/ha). Nutrient withdrawal ranges 
at approximately 10-12 kg N, 2-3 kg P, 23-25 kg K, and 
2 kg Mg per t DM of tuber and 7.5 kg N, 0.8 kg P, 
20-21 kg per ton DM of the aboveground biomass 
respectively. 


By leaving the tuber in the soil, the utilization of the 
aboveground biomass can be done for several years. 
Haulm biomass ranges between 10 and 16 t DM/ha. 
From the second year onward, stands have to be 
thinned to prevent yields from decreasing. Yielding of 
tuber can be done with potato harvesting technology. 
At the optimum stage, yields of the tuber range 
between 6 and 8 t DM/ha. If tuber and haulm is to be 
harvested, a compromise between maximizing tuber 
yield and the earlier maximization of haulm yield has 
to be found. Concerning the tuber, just as for sugar beet 
ensiling can be a challenge. From a cropping perspec¬ 
tive, regrowth even from small tuber parts remaining in 
the soil may cause problems in the successive crop. 
While methane yields of haulm biomass is relatively 
low due to lignification (Fig. 9), the tuber can reach 
methane yields of up to 400 l^kg DM [64]. 

White sweet clover (Meliotus albus) The cropping of 
the biennial White Sweet Clover is currently being 
discussed on sites that fall below the suitability for 
Alfalfa or Red Clover. According to current knowledge, 
under Central European conditions, it can reach yields of 
up to 7 t DM/ha on these sites, which is around 30% 
lower than the comparable yield of maize. On better sites, 
yields of 10.11 DM/ha were stated [65]. Additionally, an 
extensive fixation of nitrogen (90-150 kg/ha) and 
intensive and deep rooting (Root biomass of 12-18 
t DM/ha) have to be included into the evaluation. On 
the other hand, the methane yield of below 275 lN/kg DM 
is comparatively low. White sweet clover {Melilotus 
albus), which originates from Eurasia, is assessed as 
invasive and problematic in many parts of North 
America. 

Rumex Originating from Ukraine, the cross of Rumex 
patencia und R. tianschanius can be cultivated using 
standard drill technology. Utilization of cultivation 
material from the second cropping year can be carried 
out for 15-20 years in two cuts per year. Sufficient dry 
matter contents at the harvesting stage should be aimed 
at. Current results show yields of 9 t DM with low dry 
matter contents and hence no explicit suitability as 
biogas substrate [66]. 

Virginia Fanpetals Virginia Fanpetals {Sida 
hermaphrodita ) is a perennial crop, which has little 
demands concerning site condition and shows strong 



Biogas Production and Energy Crops 


189 


winter hardiness [67]. On a sandy loam yields of the 
second and third year of cropping equaled lit DM/ha 
(Ibid.). On Eastern German loess sites, yields of the 
second cropping year were between 5 and 9 t DM [66] 
and 12 t DM [68]. 

Polygonum Cropping experience of the species 
originating from Northeast Asia is limited. Up to 
25 t DM for P. sacchalinense can be achieved [56]. The 
large leaf biomass (LAI 18-25) makes stands vulnerable 
to hail damage. Lower yield, which is on average 
slightly lower than for maize, were recorded for 
P. weyrichii [69]. 

It should be noted that P. sacchalinense is closely 
related to P. japonicum. In North America and Europe, 
P. japonicum is one of the most problematic invasive 
species (www.issg.org). Due to the fact that 
P. sacchalinense , similar to P. japonicum , has an invasive 
root system and thus proves to be hard to control, and 
more so since it can hybridize with P. japonicum , 
cropping is not advisable. 

Breeding (Author A. Von Felde) 

In the past efforts in breeding of agricultural crops 
had been concentrated exclusively on progress in food¬ 
stuffs and animal feed production, mainly for the pro¬ 
duction of starch, sugar, and oil. Maximizing the 
production of energy with environmentally sound 
and resource-friendly cropping methods constitutes 
a new breeding goal, which expectedly will be honored 
by impressive results and successes within a short time. 
Energy maize (EM) breeding can serve as one example 
(Fig. 11). 

The example of maize allows illustrating the enor¬ 
mous increase possible in biomass and therefore energy 
production within a short time period due to breeding 
efforts, if breeders do not think any more in categories 
typical for grain and silage use. Freed from those restric¬ 
tions, new ways may be opened. Such new approaches 
will make it possible to increase the total dry matter 
(TDM) yield of maize from todays 15-18 t/ha to more 
than 25 t/ha. This equates to a methane output of more 
than 8,000 m 3 /ha, or a petrol equivalent of 8,000 1/ha. 
Figure 11 gives an impression of the biomass yield 
potential of maize, potential to be exploited in breeding 
and plant production. 



Biogas Production and Energy Crops. Figure 11 

Biomass yield potential of maize: Three German, one 
Italian, and one Peruvian maize variety (left to right) in an 
energy maize performance test near Wesel in 2004 

The following breeding approaches may be used to 
increase biomass production and subsequently energy 
production of maize: 

1. Prolongation of the phase of vegetative growth 

2. Combination of late maturity and cold tolerance 
through breeding 

3. Integration of short-day genes from exotic 
populations 

These methods are completed by further long¬ 
term breeding goals, for example, improvement of 
drought tolerance, adaptation of maize to a C 3 /C 4 
energy crop rotation, and adaptation of energy maize 
to the conditions of organic farming (by striving 
for robustness and competitiveness in mixed and 
underseed cropping). 

Prolongation of the Vegetative Growth The simpli¬ 
fied graph in Fig. 12 illustrates the reasons for which the 
approach of prolonging the phase of vegetative growth 
promises to increase the biomass potential and there¬ 
fore the energy potential. The black curve (Fig. 12) 
depicts the course of total dry matter production of 
a maize variety which has been breed for silage use 
(SM = silage maize). The red curve shows the develop¬ 
ment of a maize variety which has been optimized for 
energy production through breeding (EM = energy 
maize). 
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Biogas Production and Energy Crops. Figure 12 

Formation of total dry matter (TDM-yield) in a silage maize (SM) variety and an energy maize (EM) variety 


As starch and cellulose offer the same specific meth¬ 
ane yield, an increased vegetative growth phase of stem 
and leaves as such is not necessarily disadvantageous 
(reduced starch content). 

Until the flowering of the silage maize variety, both 
growth curves show an identical shape. The vegetative 
total dry matter of both varieties increases exponentially. 
After the flowering of the silage maize variety, how¬ 
ever, both growth curves increasingly diverge. The 
silage maize’s curve has a linear growth and soon 
flattens, while the energy maize’s growth curve con¬ 
tinues with its exponential growth. This further 
growth is due to the simple physiological fact that 
the energy maize variety continues to invest its 
assimilation performance in supplementary vegeta¬ 
tive leaf mass instead of investing it in ear produc¬ 
tion, which is what happens with the silage maize 
variety. These supplementary leaves contribute to 
assimilation in the energy maize variety, while the 
carbohydrates stored in the silage maize variety’s 
ears do not. This explains the superiority of the 
energy maize variety’s yield compared to the silage 
maize variety’s yield. The later the energy maize 
variety is harvested, the more pronounced its supe¬ 
riority compared to silage maize. 


This relatively simple physiological trick of 
prolonging the phase of exponential growth of the 
plants by postponing the flowering time helps to 
achieve enormous increases in yield not only for 
maize, but as well for most of the crops. 

Late Maturity and Cold Tolerance Basically, it is easy 
to postpone the flowering time of maize varieties. 

For example, the only thing to do is to change the 
maturity groups cropped in Southern France, Hungary, 
or Italy and one immediately has breeding material at 
hand that flowers sufficiently late, which is what is 
needed for energy maize cropping in Germany. 

Unfortunately, there is a big drawback regarding the 
breeding material groups used in such regions: They 
are not adapted to the cold climate and therefore do not 
show enough development during the early stages. All 
the recent hybrids from Southern European breeding 
programs have been tested most intensively under 
German as well as Dutch cropping conditions to find 
out whether they are suitable for energy maize hybrids. 
In 3 out of 4 test years, some of the Southern European 
varieties (and some of them even clearly) outmatched 
the best conventional German silage maize varieties. 
The only exception was the year 2004, which was 
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Biogas Production and Energy Crops. Figure 13 

The cold-tolerant German standard variety GAVOTT (on the 
right side) surrounded by numerous cold-sensitive Italian 
hybrids, photographed in July 2004 in an energy maize 
performance test in Wesel 


extremely cold. Due to the very cold spring, practically 
all the Southern European varieties fell strongly behind 
(Fig. 13) as they had a bad initial development com¬ 
pared to the German silage maize varieties. In general, 
this backwardness was so important that they were not 
able to compensate during the warmer summer months. 

Therefore, breeding is called to unite late maturity 
and cold tolerance in energy maize hybrids. One of the 
obvious ways suggesting themselves is to start selecting 
for cold tolerance where full genetic variance is still avail¬ 
able, which is not the level of varieties, but the level of 
breeding lines, which is one level earlier. At that stage, the 
material is not yet limited as it has not yet been checked 
about its ability to be combined. Figure 14 illustrates the 
performance of experimental crossings of 90 South Euro¬ 
pean lines, which had been selected sharply. They were 
tested in one out of three ten times ten-lattices together 
with ten standards regarding their combinability with 


280 


CC 

.c 

CD 

<5 

-t—* 

CO 

E 

■o 

"CO 
-*—* 

o 


265 


250 


(0 

§ 

E 

■ 

■0 


235 


220 


205 


190 


28 


( ♦ 45 

V 1 *4 

♦ gl-- 

reference 

53 

EM 



— 

4 

i 

♦ £ 

♦ 81 

9 ♦ 4 

♦ 52 

♦ 6 

♦ 65 ®3 ♦ 47 

♦ 38 




♦ 16 

♦ 46 4 

♦>048 

♦ 25 d « 

♦ 88 ♦ 86 57' 

, 264 q 3 ;' 

*:$5G393 8 5&393 

:|fi£ G3 93 

5 „„ ♦ 78 

^laF * 33 

♦ 83 



♦ 1 

■o 4 23 

.15 ‘^7! 

♦ 95 

♦ 73 

ZT 

► 80 ♦ 34 ♦ 76 
• 9 ^ 07 ♦ 82 

♦ 96 __.. 

♦ .rs 

♦ 12 ( * KX 

♦ 37 5F279 

♦ 30 ♦ 5F279 

MN63 




♦ 59 

♦ 62 

♦ 5& - - 

reference SIV 

1 

» CO. 

♦ 5G355 

oqq 



♦ 29 

*60 4 77 

♦ 68 

* DGi 

JJJ 


30 


32 


34 

GTS % 


36 


38 


40 


Biogas Production and Energy Crops. Figure 14 

Dry matter yield (DM in dt/ha) as a function of the maturity of the entire plant (DM in%) of 90 new energy maize hybrids 
(and 10 standards) from late, Southern European lines which had been selected for cold tolerance and crossed with 
a German flint tester. Reference SM - Silage maize for fodder production; Reference EM - Potentiale "Energy Maize" - 
Breeds showing higher yield potential 
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a German flint tester of a conventional silage maize 
breeding program. This test was carried out at Bernburg 
and Wesel, both German places, and also at two Dutch 
places. Three elite lines were tested twice together with 
those lines: the early German line 5G355, the medium- 
early French line 5F279, and the medium-late German 
line 5G393. The results show that it is possible to reach 
new yield performances of 27 t/ha with Southern Euro¬ 
pean DH-lines, which have been selected for cold toler¬ 
ance. This is a level that is not even reached by the 
presently best-performing German silage maize breeding 
material, which is represented by the three elite lines in 
the diagram. The late hybrids’ dry matter content 
amounting to 30% guarantees safe ensiling without seep¬ 
age and simultaneously offers good methane output. 
When trying to assess these results, it should be taken 
into account that the progress in breeding was achieved 
by improving just the female side of the experimental 
crossings, as the pollinizer used (= father) had been a line 


from conventional European silage maize breeding 
programs. 

The results shown in Fig. 14 are representative for 
the further about 180 Southern European lines tested in 
the two further ten times ten-lattices with a German 
flint tester. They confirm the results of both previous 
years, where Southern European lines had been evalu¬ 
ated the same way, and with the same results [70, 71]. 

An obvious possibility is to cross Southern 
European lines, which had been selected previously 
for their cold tolerance, among themselves in order to 
maybe achieve energy maize hybrids that are even more 
yielding. Therefore, the best Southern European lines, 
which had been identified in energy maize trials, were 
used to produce and test around 250 factorial crossings. 
The best performances of these hybrids reached 28 and 
29 t/ha. They achieved a level of performance, which 
was about 7 t/ha higher than for instance the yield 
potential of the hybrid KXA 4163 (Fig. 15). 
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Biogas Production and Energy Crops. Figure 15 

Dry matter yield (DM in t/ha) as a function of the maturity of the entire plant (DM%) of 90 new energy maize hybrids 
(and 10 standards) from a factorial of late, Southern European DH-lines which had been selected for cold tolerance. 
Reference SM - Silage maize for fodder production; Reference EM - Potentiale "Energy Maize" - Breeds showing higher 
yield potential 
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Integration of Short-Day Genes from Exotic 
Populations There is another, and quite different, 
way of increasing biomass and therefore energetic per¬ 
formance of maize. If South American or Central 
American maize populations adapted to tropical short 
days are cropped in Central European long-day 



Biogas Production and Energy Crops. Figure 16 

Comparison of stems from a German, Italian, and Peruvian 
breed [72] 


climates, those populations react with increased vege¬ 
tative growth. Some of these exotic maize breeds reach 
heights of 4-5 m (Fig. 11). But not only the length of 
the stem is increased, but as well its diameter (Fig. 16). 

Therefore, it seems reasonable to check the effect of 
such genetically steered growth regulation mechanisms 
in an energy maize breeding program. If photoperiodic 
sensitivity (short-day reaction) is fixed on the female 
side as well as the pollinizer side of energy maize 
hybrids, their vegetative mass performance may be 
improved considerably. Integrating such short-day 
genes proceeding from Mexican sources for the female 
side, and from Peruvian sources on the pollinizer side, 
guarantee, that heterosis between female and male gene 
pools is conserved. 

In Fig. 17, the yields of 90 energy maize hybrids are 
shown. They contain new German-Mexican inbred 
lines on the female side, and a conventional flint 
tester from the silage maize breeding program on the 
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Biogas Production and Energy Crops. Figure 17 

Dry matter yield (DM in t/ha) as a function of the maturity of the entire plant (DM% of 90 new energy maize hybrids (and 10 
standards) from German-Mexican energy maize inbred lines, crossed with a German flint single. Reference SM - Silage 
maize for fodder production; Reference EM - Potentiale "Energy Maize" - Breeds showing higher yeild potential 























194 


Biogas Production and Energy Crops 


pollinizer side. All of the German-Mexican inbreeds 
consist 75% of the German dent elite line 5G355 
and 25% of gene material of Mexican origin. The supe¬ 
riority of the new German-Mexican inbreeds com¬ 
pared to the recurrent parent 5G355 is visible; they 
are yielding up to 10 t/ha more. This is superiority to 
an unexpected extent and surprising at first sight. As 
soon as the individual performance of the lines is 
checked, this increase becomes comprehensible: By 
selecting very sharply over several steps, it was possible 
to fix lines, which proved to be much more productive 
(Fig. 18). 

It should be taken into account that this enor¬ 
mous increase in yield was achieved by improving 
just the genetics of the female parents of the exper¬ 
imental crossings. Therefore, those short-day genes 
should be used on the pollinizer side as well to 
increase the biomass potential of energy maize 
hybrids even more. 

Outlook The outlined results demonstrate that dif¬ 
ferent breeding strategies with very varied breeding 
material groups allow to realize enormous progresses 
in biomass performance and therefore in energy out¬ 
put of maize as an example crop. The results 


achieved up to now are considerably higher than 
expected. 

The next goal of the energy maize breeding pro¬ 
gram is already defined: The considerable progresses in 
breeding, which could be generated up to now in the 
different breeding material groups, have to be united in 
the basic populations on which reciprocal recurrent 
selection is based, as well as in the hybrids. The breed¬ 
ing goal mentioned first (i.e., improving the total dry 
matter yield of maize in Central European temperate 
climate and stabilize it above 35 t/ha) will be reached 
within a short term. 

The other energy plant species like sorghum, 
sunflower, or sugar beet have their specific breeding 
programs to combine most diverse genetic material to 
improve mass production. Energy plant breeding 
programs thus significantly differ from already existing 
standard breeding programs, as they focus on other 
breeding goals like energy efficiency and energy yield 
per hectare. 

Cropping Systems 

The decision on how to design cropping systems, and 
especially on which crop to choose, is based on the 
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New German-Mexican energy maize inbred lines (in each picture on the left side) next to conventional silage maize lines 
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farmers’ expectation of the economic gain from 
a specific production alternative. Apart from the 
natural yield capacity of a site and the revenues that 
can be achieved, this is determined by the crops’ 
integration into agro-technology systems and the 
work organization. Importantly, the cropping structure 
is influenced by the existence of value-adding produc¬ 
tion capacities. These also include the biogas 
production. 

Crop Rotation Design Rotation of crops is a basic 
element of crop production. The term rotation refers 
to the temporal follow-up of crops on one site. At the 
same time, the spatial juxtaposition of crops in a specific 
region is of special interest. Both aspects have a major 
influence on biodiversity, erosion by wind and water, and 
the appraisal of landscape characteristics; additionally, 
they directly influence aspects relevant to production. 
Extended or wide crop rotations, meaning crop rotations 
including a spectrum of different crops, for example, 
have the advantage of an increased utilization of water 
and nutrition reserves as well as the diminishment of 
weeds and pest biota. 

A significant improvement of regulation possibili¬ 
ties, meaning the availability of plant protection 
products and mineral fertilizers, has led to a reduced 
economic importance of crop rotation design during 
the last century. Presently, control of nutrient supply by 
mineral fertilizers allows for the stabilization of yields. 
Yield breakdown caused by weed or pest biota can be 
prevented by plant protection measures. This, in 
combination with the tendency for specialization on 
a farm-scale as well as regional level has led to 
a narrowing of crop rotations. Presently, in Central 
Europe crop rotations including a high share of leaf 
fruits (i.e., potato, sugar beet) of 25-33% are only left 
common in the vicinity of starch or sugar plants. 

On better production sites, cropping concentrates 
on winter wheat, winter rape, grain maize, and barley. 
In areas with best conditions for cereal production, the 
share of wheat can take up to 70% of the arable land, 
which implies a frequent self-succession of this crop. 
On less favorable sites, cropping concentrates on barley 
and rye. In regions with a concentration of livestock 
production, cropping concentrates on maize and 
barley; this - in the case of maize - can lead to 
a monoculture on some sites. 


Energy plants can intensify this trend, for example, 
by extending the cropping of silage maize in livestock 
production areas. On the other hand, the cropping of 
plants that have little or no share in regional cropping 
systems can lead to an extension of rotations. Under 
present conditions, this can still imply free bonus 
effects, for example, cost reduction possibilities (e.g., 
plant protection or mineral fertilizers) or yield effects. 
Concerning winter wheat, depending on the fertilizing 
regime, the plant protection intensity and preceding 
crop, yield increases of 10-50% can be achieved in 
comparison to a self-procession [73]. Providing for 
shares of sugar beet in the crop rotation can 
accordingly account for yield effects of 17% [74]. 

Furthermore, possibilities are given to produc¬ 
tively use crops in the biogas plant, originally 
included into crop rotations for other reasons. 
Examples are the utilization of clover grass, which 
is primarily grown for nitrogen fixation on biological 
farms, or the combination of protective erosion mea¬ 
sures by means of intercrops for their energetic use. 
As an overview and extension of the possible crops 
mentioned above, Fig. 19 shows possible options for 
energy cropping for anaerobic digestion and their rota¬ 
tional position. 

Systems, which are based on the cropping of annual 
single main crops, either summer or winter crops, are 
of highest relevance in temperate climates. For ener¬ 
getic purposes, the cropping of a main crop is currently 
also tested in mixtures of species or breeds. 

By adding intercrops, the vegetation time not used 
by the main crop can be utilized, for example, to 
increase annual yields for substrate production. 
Figure 20a and b show schematically the yield develop¬ 
ment process of winter and summer main crops with 
regard to solar radiation. Included into the Figure is the 
combination with intercrops. 

Based on the approach of changing the cultivation 
span of the crops by shifting harvesting and sowing 
dates the so-called double-cropping system, including 
two equally productive crops, was proposed [75]. 
During the last years it was discussed if and on which 
sites a yield increase can be achieved. At the same time 
granting ecological advance, is one of the aims pusued 
by the system set-up (Fig. 20c). 

As shown in Fig. 21, various combinations exist to 
combine winter and summer crops. The possible time 
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Biogas Production and Energy Crops. Figure 19 

Optional positions of energy plants for anaerobic digestion in the cropping system 


span for the change between winter and summer crop is 
flexible, depending on the choice of crop and the harvest 
stage. All in all, the time span for two crops providing 
similar yield amounts as shown in Fig. 20c covers a tran¬ 
sition period of approximately 30 days. If winter inter¬ 
crop and second crop (Fig. 20b) are also taken into 
account, the time span covers approximately 60 days. 

Criteria for the possibility of yield increase by using 
these systems are the availability of water and the 
duration of the vegetation span. On soils with low 
field capacity, winter crops use the water reserve of 
the soil in spring, so without sufficient precipitation 
in the following period, risks for the establishment of 
the second crop rise. Still, even in the case of establish¬ 
ment success, lower water availability might reduce the 
yield of the summer crop, so combined yield might not 
be higher than the use of a single crop. On sites that 
show good water storage capacities (Quality wheat 
region, discussed later in the chapter) or sites with 
sandy soils but good precipitation amounts, by 
growing maize in combination with winter rye green 
cut, a significant yield increase compared to maize as 
a sole crop can be achieved. 

Also systems using late transition between winter and 
summer crop could provide surplus yields. In a 3-year 
trial, a yield increase could be demonstrated for a range of 
different sites [76] . For the combination winter rye whole 
crop - maize, the comparative increase was 3.9 t DM/ha, 


whereas the variation in sites showed a variety of yield 
surplus of on average 1.9-5.8 t DM/(ha a) for a 3-year 
period. Under present conditions, the higher production 
cost for these systems in most cases exceeds benefits. For 
an evaluation, all free bonuses, starting from improved 
nutrient utilization due to all-year coverage of the soil, 
equalization of peak times, as well as improved ecological 
features should be taken into account. One of the central 
focus points to be set is the reaching of a sufficient dry 
matter yield for ensiling (see the section “Harvest, Trans¬ 
port and Storage”) by the second crop. An adapted 
choice of breeds can provide some leeway. 

Regional Examples for Adapted Crop Rotations 

Quality Wheat Region The quality wheat region 
(Fig. 22) is characterized by fairly low temperatures 
(mostly 500-600 mm) and loess soils with high field 
capacity. Conditions are good to produce medium to 
high yields of quality wheat with high protein content. 
Within the region, livestock production is low and the 
share of wheat in cropping systems is very high. As 
a typical crop rotation, winter wheat - winter wheat - 
winter or spring barley - winter turnip rape can be 
pointed out. 

Starting from this, winter cereal whole crops, for exam¬ 
ple, winter triticale can be included. Although shares 
of this crop are low, the yield expectations 
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Biogas Production and Energy Crops. Figure 20 

(a, b) Schematic yield development of winter and summer crop in combination with winter intercrop (above) and summer 
intercrop (below) (According to [75]). (c) Schematic yield development in the double-cropping system 


characterized are high. Exemplarily, the combination 
winter wheat - winter triticale WC - winter turnip 
rape is suitable for regional conditions. In addition, it 
is a cropping alternative, from an economic point of 


view, to the relatively unattractive winter barley. The 
yielding of whole-crop cereals or green-cut cereals in 
regions with extensive cereal cropping can also be 
regarded as an option to cut weeds with the crop 
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Biogas Production and Energy Crops. Figure 21 

Options for the utilization of two crops in one vegetation period 


before the seed ripens and spreads. In this context, 
a significant decrease in focal weeds of plant protec¬ 
tion has been shown [78]. A further possibility of 
crop rotation design for sites with a good availability 
of water in spring can be seen in: 

winter wheat — winter rye green cut — maize 
— winter wheat — sugar beet — maize 

Instead of maize, for diversification and risk reduc¬ 
tion, the cropping of sorghum is possible, too. 
Another option is the exchange of winter rye 
green cut for winter barley as a whole crop. Risks 
in the late establishment of maize have to be con¬ 
sidered though. Additionally, the ripening of the 
summer crop as well as the trafficability of the 
field for the sowing of wheat should be considered. 

Forage Cropping: Livestock Production Region This 
region of northwestern Germany (Fig. 23) is 
characterized by sandy soils. The maritime influence 
and the evenly distributed precipitation of an annual 


mean of more than 700 mm make good yields 
possible. The region is characterized by intensive 
livestock production and respective fodder production. 
The utilization of large amounts of manure for anaerobic 
digestion is advantageous; the problem of nutrient 
surplus will not be solved by anaerobic digestion though. 

Due to a further increasing maize cultivation area for 
the purpose of biogas production in addition to 
fodder cropping, there is a further increased avail¬ 
ability of nutrients; approaches focus on the 
increased combination of maize with intercrops. 
The breaking up of maize-based crop rotation, for 
example, by 

Winter barley WC — maize — winter rye green 
cut — maize 

can offer possibilities for increasing yields and serve 
further purposes such as nutrient leakage reduction 
and erosion mitigation due to a prolonged utiliza¬ 
tion period. Nutrient surplus in phosphorous 
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balances in many cases limit possibilities for the 
utilization of fermentation residues. Therefore, 
approaches for the separation of fermentation 
residues are currently being discussed. A much 
higher dry matter and phosphorous content in the 
solid phase allows for comparably good transport¬ 
ability, which makes export to sites with phospho¬ 
rous demand possible. From a sustainability 
point of view, the decreased humus reproduction 
of the lacking solid phase has to be considered. 
From this perspective, ryegrass (mixtures) is 
mentioned as an alternative for the prevention 
of humus balance deficits and proves to be 
productive. 

Forage grasslands - winter barley - region of German 

foothills and uplands 

Large parts of Germany may be characterized as foot¬ 
hills and upland area. The conditions are, 
depending on altitude, relatively cool and moist. 
Soils are shallower and the relief is sloped. 
Lower temperatures make the cultivation of crops 
with high temperature demand or less winter har¬ 
diness more difficult. Winter turnip, rape, and 
sugar beet are not suitable for higher regions. 
Maize has some importance on the more favorable 
foothill sites of Southern Germany. Of all the cereals, 
winter barley is the most important. One possibility 
for crop rotation design can be seen in: 

Winter barley (grain) — winter triticale whole crop 

— spring barley + underseed clover grass 

— clover grass 2nd year — clover grass 3rd year 

On farms with livestock production or possibilities 
for the sale of fodder, utilization of clover grass for 
both biogas and cattle fodder is a possible option. 
Hence, systems can be based on the fact that 
due to differing substrate demands, a (relatively 
observed) higher usability of the late cuts in the 
biogas plant can be pointed out. This is based on 
the higher risk of the higher contents of acetic acid, 
which does not, in comparison to cattle fodder pro¬ 
duction, pose a quality issue in biogas substrates. 

For the design of varied crop rotations with high 

shares of energy plants, different crop rotations were 


tested in plot experiments on seven sites in various 
agricultural regions in Germany as part of a large coop¬ 
erative project since 2005. The aim of the project is to 
evaluate which crop rotations are preferable from an 
economic, ecological, and plant-production point of 
view. On the different sites, five uniform and three to 
four regionally specific crop rotations were tested 
from 2005 to 2008 and shifted by 1 year from 2006 to 
2009. Figure 23 exhibits a general overview of the 
mean yields on all sites of the five uniform crop 
rotations. 

Crop rotation number 3 (maize - winter rye (green 
cut) - Sudan grass - whole crop winter triticale - 
annual ryegrass) was the most productive crop rota¬ 
tions on many of the sites, despite yield variations 
ranging from 33.6 to 56.7 t DM/ha. Sites in the regions 
described above could in general provide very good 
results. On the site of the quality wheat region, the 
cropping of Jerusalem artichoke and crop rotation 
number 2 (Sudan grass - winter rye (green cut) - 
maize - winter triticale (grain usage)) could produce 
the highest yields, which were higher than those of 
a maize-monoculture. On the site representative to 
the forage grasslands - winter barley - region of 
German foothills in Ascha, relatively high yields could 
be provided, using a crop rotation consisting of maize - 
winter rye green cut - maize - winter rye/w. vetch 
mixture - Sorghum - Sudan grass. An explanatory 
approach for the high yield of this crop rotation, 
which is rather untypical of elevated sites, is in 
comparison, the higher long-term mean temperature 
during the experimental years with a sufficient water 
supply. On the site of the forage cropping livestock 
production region (Werlte), a 3-year combination of 
winter rye green cut and maize had a significant 
advantage compared to other options. 

In total, the advantage of maize as a biogas substrate 
under a large spectrum of conditions in Central Europe 
could be confirmed. By also confirming the high yields 
of other substrates such as whole-crop cereals, 
sorghum, legume-grass, or grass mixtures (which can 
be taken into consideration in crop rotation design), 
complementarities could be pointed out [49]. 

Excursus: Factor Intensity with a Focus on Plant 
Protection Aspects With regard to the design 
of cropping systems for energy plants, altering the 
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Biogas Production and Energy Crops. Figure 23 

Cumulated yields of the uniformly tested crop rotations as a mean of all sites for the first (2005-2008) and second 
(2006-2009) plot set (CR = Crop rotation) [79] 


cropping intensity to contribute to an optimization 
of production systems has been discussed. On the 
one hand, this was related to the reduction in inten¬ 
sity of cropping systems by maintaining yield levels. 
On the other hand, questions dealt with a significant 
increase in yields by increasing the cropping intensity 
and at the same time considering sustainability 
issues. 


Besides the above-mentioned considerations on 
double-cropping systems, one example for the latter 
is the irrigation of energy crops. In a 3-year trial, it has 
been pointed out that irrigation is suitable for 
securing a high yield level [80]. At the same time, 
a prognosticated climate change toward dry/hot 
summers and moist/mild winters in Central Europe 
could lead to a higher need for irrigation during 
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summer months. Apart from the yield increase and the 
level of product price and the cost of irrigation, risk 
considerations are to be taken into account when 
deciding if, where and to what extent irrigation should 
be implemented. 

Examples for a reduction of intensity levels which 
can be mentioned include a reduction in cutting 
frequency within cultivation systems of multi-cut 
perennial forage mixtures, reduced tillage intensity 
[49], or the design of cropping systems with regard to 
aspects concerning factor input reduction (plant 
protection or fertilizer management). 

In the production of whole-crop cereals, 
different quality requirements compared to the 
production of baking cereals make quality-oriented 
nitrogen applications for increased protein contents 
dispensable. A reduction in fertilizer levels below 
withdrawal values is noticeable much quicker than 
in maize though. On sites with a sufficient supply of 
organic nitrogen stock, maize can show better 
results as times of high mineralization concur with 
times of high nitrogen demand. In a mid-term view, 
a yield reduction in any crop cannot be avoided if 
fertilizer application is reduced below withdrawal 
values. 

Likewise, minimal reduction possibilities can be 
pointed out for the reduction of plant protection 
measures in maize cropping in comparison to existing 
cropping systems. Weed control for example, is indis¬ 
pensable due to slow youth development of the plant. 
However, given the very high cropping share of maize 
in crop rotations and regional cropping structures the 
risk of problematic weeds increases (such as Crane s Bill 
(Geranium L.)). Additionally, the risk of an increased 
appearance of the European corn borer ( Ostrinia 
nubilalis ), and in some regions the Western corn 
rootworm ( Diabrotica virgifera ), has to be mentioned 
as this can lead to an increased necessity for plant 
protection measures. 

Whole-crop cereals differ from cereals harvested for 
grain purpose with regard to the cropping span. Risks 
of ear infection, pest biota, and weed problems are 
therefore comparatively lower. Depending on the type 
of cereal, breed and site characteristics, and yield expec¬ 
tancy accordingly, plant stability may be sufficient to 
dispense with growth regulators. This is the case 
primarily on dry and low-yielding sites and for winter 


triticale and winter barley. On productive sites, growth 
regulators should not be dispensed with. Turning down 
fungicides can result in a decrease in yield. Under the 
conditions of the quality wheat region, in most cases, 
reduced benefits are lower than the economic cost for 
treatment [81]. On sites with low weed pressure, the 
comparatively high competitive strength of whole plant 
cereals can provide possibilities for the reduction of 
herbicide measures. 

In a broader perspective on entire farming systems, 
anaerobic digestion may also provide possibilities to 
utilize lots for conventional grain/seed production with 
heavy pest or weed infestation in biogas plants. Impor¬ 
tantly, it was questionable if pest biota or weed seeds 
can outlast the biogas process and lead to higher infec¬ 
tion/weed pressures when recirculating fermentation 
residues to the field. 

According to [82], preliminary results are available 
for 14 phytopathogens involving relevant quarantine dis¬ 
eases of potato. Following these results, most pathogens 
cannot persist in digesters working in mesophillic condi¬ 
tions under common retention times. Only Clavibacter 
michiganensis subsp. sepedonicus shows a viability of 
more than 100 days. When supplying entire potato 
tubers, Ralstonia solanacearum could persist for 
30 days in a batch experiment. According to this, 
a retention time span from practical biogas plants could 
be sufficient to provide the required sanitizing environ¬ 
ment. Xantomonas tranlucensis pv. graminis survived 
the process for 26 days. After 6 days however, infectious¬ 
ness stopped. Additionally, it should be pointed out that 
ensiling might already kill pathogens before anaerobic 
digestion. 

Of high relevance for intensive cereal cropping 
regions is the statement that the decomposition of 
Fusarium graminearum could be observed after 1 day 
[82]. This confirms results from [83], which, in 
addition, point out the disintegration of mykotoxins. 

Survival of the seeds of some weed species is possible 
and continues to be the focus of research activities. One 
of the key parameters appears to be the temperature level 
of the biogas plant. In thermophilic conditions, seeds 
of blackgrass ( Alopecurus myosuroides ), goosefoot 
(Chenopodium album), stinkweed ( Thlaspi arvense ), 
broad-leaved dock ( Rumex obtusifolius) , and wild mus¬ 
tard ( Sinapis arvensis) lose their ability to germinate 
after a retention time of 24 h. In mesophillic 
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conditions, this only applies to blackgrass and wild 
mustard. Goosefoot had a germination ability of 75%. 
The durability of the testa against microorganisms could 
play a major role. Seeds of goosefoot, black-bindweed 
(Polygonum convolvulvus ), and cockspur (Echinochloa 
crus-galli), which proved to be unable to germinate on 
agar, were still found to be viable in a Tetrazolium test 
[84] . Further results on the topic are awaited. 

Harvest, Transport, and Storage 

The bridging of the spatiotemporal difference 
between yielding of the crop at the optimum time 
on the field and the feedstock requirements in the 
digester make an optimized planning of harvesting 
procedure, transport, and storage of a specific sub¬ 
strate necessary. The specific challenges of supplying 
sugar beet are described in the section “Production 
Systems of Sugar Beet”. 

Harvest and Transport Harvest date of the chosen 
crop type and breed is primarily oriented according to 
the maximum yield and substrate quality, but also 
according to the inclusion into crop rotations and 
work organization of the farming company. With 
regard to these factors, time frames for harvesting are 
determined for the different crops. 

Most crops can reach the dry matter contents 
necessary for ensiling (see below), so harvest procedure 
can be single-stepped. For Grasses and green-cut 
cereals with low dry matter contents, the cutting can 
be done as a separate step, after which a phase of wilting 
is followed up, needing a period of 1-2 days of suitable 
weather conditions. When reaching optimum dry mat¬ 
ter contents, swathed material is picked up by a chop¬ 
per. Compared to sufficiently dry substrates, which are 
directly harvested, additional losses have to be calcu¬ 
lated with. 

Standard operation system for harvest and 
transport is the chopping chain. A central element is 
the utilization of a self-propelled forage harvester; to 
some extent is also that of tractor-mounted choppers. 
Capacities of forage harvesters sold on the market are 
in the range of up to 1,000 HP effective output. 
Depending on the substrate to be harvested/picked 
up, harvesters can be fitted with different harvesting 
units. One of the most important parameters for an 


economic operation is the throughput rate (Harvested 
Mass times Working Speed). In the forage harvesters 
currently available, depending on the installed engine 
power, this can be equal to up to 300 t of fresh matter 
per hour. 

For an optimized anaerobic digestion, chopping 
size is an important parameter. In batch tests, maize, 
which was chopped to an average size of 4.7-5.4 mm 
showed 8% higher methane yields per t DM than maize 
with average chopping sizes of 7.9-9.9 mm [85]. With 
increased lignification, finer chopping, which can be 
characterized as mechanical pretreatment, makes an 
even higher percentage of methane yield increase 
probable [85-87]. Short chopping sizes lead to a loss 
of efficiency and higher diesel demand during 
chopping operation - therefore an economic optimum 
is to be aimed for. For an efficient design of operation 
procedures, a continuous transport from the field is to 
be vouched for. Most commonly, a parallel operation 
procedure is used in which changing transport units 
(consisting of tractor and transport hanger) move 
besides the harvesting unit and transport the feedstock 
to the silo. The loading mass is influenced by the bulk 
density of the substrate. Even with an optimized design 
of the operation procedure, cost is significantly 
increasing with transport distance. The cost increases 
disproportionately (Fig. 24) [88, 89]. Low dry matter 
contents also have an effect on transport cost per dry 
matter (and energy yielded). 

Storage To ensure continuous feeding of the plant 
with seasonally harvested material, the process of ensil¬ 
ing is used. For this, the substrate is compacted, with 
the goal of appropriately excluding air to ensure that 
the lactic acid fermentation process is optimized. In 
this type of fermentation, carbohydrates from plant 
material are converted into acids, which have 
a conserving influence. The conversion processes of 
ensiling involve an unavoidable loss of energy and 
matter. The overall losses, which might also involve 
noxious fermentation, seepage sap losses, and aerobic 
deterioration during storage and withdrawal, can be 
minimized, though [90]. The specific challenges in 
conserving root and tuber substrates which show little 
ensiling quality is dealt with exemplarily in 
the section “Sugar Beet”. A high share of usable 
carbohydrates and a sufficient number of suitable 
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Biogas Production and Energy Crops. Figure 24 

Specific harvesting cost of maize from a 5 ha-plot as a function of transport distance [88, 89] 


microorganisms on the plant material has a positive 
influence on the process. A high share of proteins and 
minerals (buffer) leads to the bonding of acids, which 
reduces the ability to lower pH-values. The deciding 
criterion for the design of cropping systems is the 
achievement of dry matter contents favorable for 
ensiling processes. Depending on the substrate type, 
values of at least 28% should be aimed at. Substrates 
significantly lower in dry matter content have a lower 
suitability for ensiling and depending on the height of 
the substrate in the silo, big quantities of seepage sap 
can leak from the silo. These quantities are to be used in 
the biogas plant. Dry material (>35% dry matter 
content) is much harder to be compacted, so risks for 
large losses from aerobic deterioration are increasing. 
With regard to overall losses in this step of the process 
due to insufficient ensiling qualities, up to 31% 
decreased methane yield in comparison to laboratory- 
scale ensiling has been found [91]. 

Losses that occur in form of carbon dioxide, 
hydrogen, nitrogen oxides, or ammonia are unavoid¬ 
able though. The inevitable losses by final respiration 
processes and the activity of fermentation organisms 
are at least 5% of the net energy in the plant material 
[21]. In addition, losses occur by incomplete exclusion 
of air in boundary areas and aerobic conditions at times 


of withdrawing the substrate. Additional losses of at 
least 3% of the net energy can be expected. Biological or 
chemical silage additives can be added to the substrate 
to avoid large silage losses. It should be noted that by 
using biological silage additives, which are based on 
homo- and heterofermentative lactic acid bacteria, 
an increased amount of acetic acid might be formed 
[92]. While this is a negative aspect for the quality 
assessment of silages used for fodder, in the process of 
biogas formation, acetic acid has no negative influence. 

Considering the requirements for a loss¬ 
minimizing ensiling process, the silages can be stored 
for a longer period of time [93] . Despite the higher cost 
for storage space, this gives leeway for substrate 
provision. In laboratory-scale experiments, losses of 
silages stored for 365 days were increased by 1.2-6.4% 
compared to silages with a short storage period. 
The tendency of increased gas formation potential of 
the longer stored silages could compensate for the 
losses though. 

Utilization of Fermentation Residues 

Production systems for anaerobic digestion are 
specifically characterized by the fact that fermentation 
residues can be recirculated as organic fertilizer. After 
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the digestion process in the plant as shown in Fig. 8, 
barely digestible substances are still in their original 
structure. Substance groups with good digestibility 
are largely mineralized to soluble inorganic 
compounds. 

Due to the fact that only little substance losses occur 
(e.g., in the process of ensiling, see above), and that 
nutrients in the residues are - in comparison to those in 
feedstock before digestion - by far more available to 
plant uptake, biogas systems are suitable to design 
largely closed nutrient cycles. 

A factor in the evaluation of nutrient cycles, which 
also has to be taken into account, is that only few biogas 
plants only use plant material for digestion. In fact, 
anaerobic digestion is very suitable to utilize excreta 
from animal production. Mass flows, which in many 
cases include nutrient input by imported fodder, also 
have to be taken into account. 

Analysis of the fermentation of different biogas 
plants fed with dedicated energy crops and carried 
out at different times show the large variety of nutrient 
levels (dependent on substrate input, pretreatment, 
and digestion rates) in fermentation residues (Table 4). 

Compared to animal manure, the relatively close 
relation of C/N in fermentation residues is to be 
mentioned. This leads to a decreased immobilization 
of the nitrogen included in the fermentation residues 
[95]. Due to the comparably high contents of 
ammonium, nitrogen is also present in a form well 
available for plant growth. Depending on the crop 
type, recommendations are to calculate 60-80% of 
the total nitrogen in the fermentation residues as 
equivalent to mineral fertilizer [94, 97]. In summer 
crops, in comparison to winter crops, higher 


percentages can be taken into account. Values for min¬ 
eral fertilizer equivalents of 77% for maize and 86% for 
spring wheat have been shown [96]. Phosphorous and 
potassium can almost completely be recycled [97]. 

The release of calcium in anaerobic digestion 
leads to higher pH-values compared to animal 
manure, which is not utilized in biogas processes. 
Whether higher values for ammonia emissions 
occur, is in discussion. Fermentation residues have 
a relatively low viscosity, which leads to better han¬ 
dling (homogenization, pumpability, etc.) and soil- 
infiltration properties. This leads to the fact that 
the higher emission risk due to increased pH-values 
can be compensated for [96]. In any case, loss¬ 
minimizing technologies as well an immediate incor¬ 
poration into the soil are means of avoiding ammonia 
losses. These can be minimized, but not completely 
eliminated. 

The usability of a relatively good fertilizer and 
a saving of mineral fertilizers (in comparison to 
grain/seed production systems) have to be consid¬ 
ered when evaluating biogas systems. It should also 
be noted that in regions with high nutrient input by 
fodder imports and an increased cycling of nutri¬ 
ents, nutrient balances, for example, of phospho¬ 
rous, can be limiting due to maxima set by 
legislation. Solutions, such as the separation of liq¬ 
uid and solid parts of the residue are currently 
under discussion. Different technical approaches to 
the separation have in common that both phases 
have a different nutrient content. The liquid phase 
is higher in NH 4 -content related to total N-content, 
but has a smaller phosphorous content. The solid phase 
can include up to 70% of total phosphorous. It is more 


Biogas Production and Energy Crops. Table 4 Dry matter and nutrient contents as well as pH values of fermentation 
residues exemplarily in central (Thuringia) and south-western Germany (Baden-Wurttemberg) [93, 94] 
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transportable and can be exported into regions with 
a phosphorous demand [98]. 

From an economic and an ecological point of view, 
the utilization of nutrients in the fermentation residues 
should be in the most efficient manner. Rules of “good 
agricultural practice” as well as binding legal 
regulations are to be followed. These include: 

• Limiting the fertilization span on times in which 
nutrients can be used by crops 

• Knowledge of plant demand and nutrient contents 
of the fertilizer 

• Limiting the quantities and area balances 
accordingly 

• Specification on the storage of residues 

• Specification of the loss-minimizing deployment 
technique 

• Extended requirements in the utilization of waste 

material, for example, contagion hygiene 

requirements 

Already during the planning phase of biogas plants, 
the management of fermentation residues should be 
involved. Especially in large plants, the low transport¬ 
ability of the fermentation residues should be 
considered. Optimized fertilizing strategies require 
efficient deployment logistics, especially in times 
where deployment makes a maximum uptake of 
nutrients by plant growth possible. 

Sustainability Aspects 

For a long time, sustainable management has been 
a basic principle of agricultural production. As part of 
this production, the cultivation of dedicated energy 
crops is therefore underlying the rules and guiding 
principles of “good agricultural practice” in addition 
to Cross Compliance requirements and further regula¬ 
tory and prohibitive instruments. The increased 
production of dedicated energy crops and the 
associated support programs were linked to public 
institutions formulating further goals that aim at an 
increased contribution of energy cropping toward 
a sustainable design of energy and land use systems. 
Central aims are to contribute to greenhouse gas 
mitigation and environmental protection, as well as 
saving fossil fuels and decreasing the cost of energy 
supply also with regard to external costs and 


technology development [3]. Furthermore political 
aims are targeted at safeguarding the energy supply, 
preserving biodiversity and soil fertility, and contrib¬ 
uting to employment and value creation especially in 
rural areas [99]. 

Depending on the weighting of the different target 
values, differing assertions and deductions toward the 
design of agricultural systems can be drawn. Addition¬ 
ally aggravating is the fact, that quantitative and com¬ 
parable evaluation categories can sometimes be barely 
defined and controlled for a number of targets. Accord¬ 
ingly, for the quantitative approach of life cycle assess¬ 
ment, in addition to the definition of a reasonable 
“balance scope,” for the evaluation of target values, 
a subjective value system has to be referred to [100]. 

Green House Gas Balance 

Based on the fixation of carbon dioxide by photosyn¬ 
thetic processes and the utilization of the fixed carbon 
to substitute fossil fuels, agricultural production can 
contribute to climate gas mitigation. Furthermore, the 
anaerobic digestion of excrements can also contribute 
to the reduction of emissions caused by other fields of 
agricultural production. To estimate to what extent the 
utilization of dedicated energy crops can contribute to 
a mitigation of climate gas emissions, the net climate 
gas reduction is to be calculated. Basically, this is 
determined by the balance of reduced emissions due 
to substituted fossil energy sources and the sum of 
emissions in the production system. 

Emissions in the production system are not only 
determined by the factor input (fuel and fertilizer 
production) for cultivation steps, but also by climate 
gases emitted in substance cycles such as methane and 
nitrous oxide. Influence on the emission of methane is 
provided by mitigation potentials during the utiliza¬ 
tion of excrements. Otherwise, risks of methane emis¬ 
sions during the process of anaerobic digestion and 
utlization of the gas have to be mentioned. The largest 
emissions that are relevant to climate warming from 
soils are those of nitrogen compounds, which are 
linked to the utilization of mineral and organic 
nitrogen fertilizers. 

For the evaluation of climate gas mitigation in the 
cultivation of renewable raw materials, a range of values 
can be looked at. Apart from the overall emissions that 



Biogas Production and Energy Crops 


207 


are avoided by the substitution of fossil fuels by biogas, 
these are mainly evaluation values for a specified area 
(kg C0 2 - eq /ha) or product quantity (kg C0 2 /GJ) as 
well as the associated cost. Furthermore, when looking 
at evaluation values, the subdivision into avoidable and 
unavoidable emissions is helpful. 

Output and Substitution Values Decisive values for 
energy and climate gas balances are the methane yields 
of the different crops and crop rotations per unit of 
area. High hectare yields provide the possibility to 
substitute high amounts of fossil fuels. Relative indices, 
which give (energy) input in relation to output, often 
have the weakness of not considering the area as the 
scarcest factor. 

Extensive production can lead to a reduction of 
energy-related factor usage and emissions. However, 
a thorough risk evaluation should be done, when 
assessing minimization strategies as well. An extreme 
example can be seen in the waiving of plant protec¬ 
tion measures in the cropping of maize - yield loss 
and the respectively lowered energy gain will over¬ 
compensate the reduction in energy input by several 
times [101]. 

For a further evaluation of greenhouse gas savings 
potential, the reference base for example, the emissions 
of the substituted energy also plays a major role. 
Highest greenhouse gas reduction potentials can to be 
seen in the substitution of electricity produced from 
coal (e.g., lignite). Against this assumption, assuming 
a flexible electricity production with biogas substitut¬ 
ing natural gas-driven peak load power stations leads to 
lower greenhouse gas savings. 

Primary and Secondary Emission Values Primarily 
relevant to greenhouse gas emissions are factor 
inputs for the working processes that are necessary 
for the establishment, fostering, and harvest of 
a crop. These are most importantly not only fuels, 
but also fertilizer and plant protection products. 
Energy- and material-related emission values for pro¬ 
vision of machinery and maintenance should be 
accounted for as well. 

Of high importance is the kind of tillage system used. 
Minimum-tillage-systems waiving the usage of plowing 
measures have an advantage because of less fuel demand. 
Furthermore, the distance of the field from the biogas 


plant is relevant, since large parts of the energy have to be 
used for transporting processes. Values for conventional 
plowing systems and a transport distance of 6 km have 
been calculated. For a Thuringian site, for example, these 
add up to between 58.9 1/ha (sorghum) and 82.9 1/ha 
(maize) [102]. 

Fertilizing can be regarded as the quantitatively 
most relevant part of emissions. Firstly, this is due to 
the energy-intensive production of mineral fertilizers. 
Because of the possibility to efficiently recirculate 
nutrients in biogas production systems, in comparison 
to market crops bonuses (when used in other crops) or 
reduced mineral fertilizer input have to be taken into 
account, though. 

Secondly, secondary emissions from production- 
related nutrient cycles have to be considered. Of high 
relevance are the emissions of nitrogen compounds 
(most importantly nitrous oxide) emitted in the course 
of nitrification and denitrification processes. The emis¬ 
sions of this gas are relatively small quantitatively; 
though with a high radiative forcing, they make up 
a large part of climate gas emissions of intensive 
cropping systems. 

Figure 25 shows the resulting climate gas emissions 
for the production of one kWh of methane that can be 
attributed to energy cropping systems on different sites 
in Germany. 

Shown as white columns are the balances of 
emissions and bonuses which have been taken into 
account by the recirculation of residues (green). The 
relatively low values for maize can be explained by the 
good yield (and energy gain accordingly) in relation to 
the input and according emissions. The combination 
green-cut rye and sorghum on the dry and sandy 
site Giiterfelde leads to the highest emissions, which 
can be explained by the relatively low yields at this site. 
With regard to the high share of emissions in the 
field of fertilizing, the nitrogen efficiency, and there¬ 
fore, the nitrogen input per unit of product (in this 
case methane) is of outstanding importance. In this 
context, it should be mentioned that the values used 
in Fig. 17 are calculated on the base of standard values 
proposed by IPCC, who recommend a calculation 
involving the emission of 1% of fertilized nitrogen as 
nitrous oxide. 

For the specification of this simplified quantitative 
interrelation, as well as for the closer characterization 
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Biogas Production and Energy Crops. Figure 25 

Resulting climate gas balances for different options of cropping of energy plants on different sites in Germany [102] 


of the “new” fertilizer fermentation residues, several 
research projects are currently ongoing. One thing 
that can already be stated is that the processes of nitri¬ 
fication and denitrification, which are the base of 
nitrous oxide emissions, are based on the insufficient 
utilization of nitrogen rather than the total amount of 
fertilized nitrogen [103]. Additionally, the availability 
of oxygen during the alteration processes of nitrogen 
compounds is of high relevance. On soils with high 
contents of clay and a nitrogen utilization of less than 
30%, the emission of nitrous oxide is increasing 
disproportionally [104]; nitrous oxide emission also 
increases considerably on water-saturated soils 
emissions after organic fertilizing [105]. Furthermore, 
the frost-thaw cycles during winter seasons in temper¬ 
ate climates lead to large quantities of nitrous oxide 
emissions. These emissions are unavoidable, but can be 
minimized by an optimized fertilizer application in 
spring and an optimized plant uptake before winter 
takes place. Influence on emissions of nitrous oxide 


and ammonia also can be taken by an optimized 
fertilizer application technology (Fig. 26). 

From a technological point of view, the splash 
plate is obsolescent. Injector technology is 
largely avoiding ammonia emissions, but this leads 
to the highest emissions of nitrous oxide [107]. 
Ultimately, a target conflict between minimizing 
emissions of ammonia and nitrous oxide can be 
pointed out. 

Clearly, nitrogen fertilizing should always aim at an 
optimized utilization within the entire system. An 
optimized adaptation of crop rotations under 
consideration of intercrops, in addition to the efficient 
inclusion of maize into market cereal crop rotations, can 
promote a more efficient usage of nitrogen within the 
farming system. As an example, for an extension of the 
crop rotation of a cereal-oriented farm by producing 
biogas and selling straw a clear reduction of overall nitro¬ 
gen surplus is achieved [107]. This example also points 
out that not only is the reference system of substituted 
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Biogas Production and Energy Crops. Figure 26 

Influence of spreading technique for fermentation residues on resulting emissions (Shown in C0 2 -equivalents) [106] 


energy form, but the reference system of alternatively 
stated usage of the arable land is of major importance 
for evaluation of ecological impacts. 

In conclusion, on the field of optimized organic 
fertilizing with fermentation residues, there is still 
a demand for further research. From a practical 
agriculture standpoint, research should point out 
possibilities to optimize the utilization of nutrients 
in the fermentation residues; from a sustainability 
point of view, on the other side of that same coin, 
the minimization of nitrogen losses should be 
strived for. 

Humus Balance and Preservation of Soil Fertility 

As mentioned in the section “Soil and Nutrient 
Supply”, organic substances in agricultural soils play 
a major role for nutrient storage and transformation 
processes. Furthermore, on a global scale, organic 
substances in soil serve as an important carbon sink. 
Contents of carbon and humus are not identical, 
though. In most cases, the carbon content (C t ) multi¬ 
plied by the factor 1.706 equals the humus content. In 
soils containing carbonate, the share of inorganic 
carbon has to additionally be taken into account. 


The dynamic character of trans- and deformation 
processes of organic substances in soils makes it 
necessary to perpetually supply soils with organic 
matter, in the appropriate amount of the microbial 
disintegration to mineral substances, in order to 
sustain the level of soil organic matter content. 
Therefore disintegration rates are of interest. These 
are influenced by climate, nutrient supply, soil struc¬ 
ture as well as the tillage system used. 

Major sources of supply for organic substances are 
roots and harvest residues. Crops can accordingly be 
differentiated into humus-diminishing crops (e.g., 
sugar beet) or humus-increasing crops (e.g., perennial 
grasses). Furthermore, the supply of additional 
aboveground biomass such as straw and the 
recirculation of organic fertilizers are important 
sources for soil organic carbon. 

In energy plant production, which aims at 
a utilization of total aboveground biomass, only little 
harvest residues are left on the field in comparison to, 
for example, the production of cereals for grain usage. 
By recirculating fermentation residues, large quantities 
of carbon-rich substances, which could not be 
disintegrated in the process of anaerobic digestion, 
are resupplied to the soil, though. 
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Distinct changes in the humus content of soils 
can only be observed within longer periods of 
time. In this context, it should be noticed that 
depending on site characteristics and the chosen 
management system, only in the long-term specific 
humus content is materializing. To be able to eval¬ 
uate these processes quantitatively, several models 
exist that provide reference values for humus for¬ 
mation and decomposition derived from long-term 
tests. 

Such models are the VDLUFA-Method, the 
Repro-Method and the Site-adapted Balancing Method 
[108]. All methods differentiate between the cultivated 
crops. Exemplarily, the VDLUFA-Method exhibits an 
annual humus decomposition for maize of between 
560 Humus-C ha -1 (on soils showing a good state of 
cultivation with optimum mineral fertilizing) and 
800 kg Humus-C ha -1 (on soils which have been poorly 
supplied with humus for a longer time and soils under 
ecological management practices) (Table 5). 

A calculation of humus balances of cropping 
systems for rotations including a high share of energy 
plants shows that except for the rotation which includes 
a perennial forage mixture, a cropping without 
recirculation of residues would lead to a decreasing 
humus content in soils and hence a decreasing soil 
fertility on Central European sites (for a description 
of the crop rotations see Fig. 24). This should be 
considered, for example, in concepts for fuel 


production (Biomass to Liquid, BtL) which, in contrast 
to biogas production, do not allow for a recirculation 
of residues which contribute to a supply of organic 
matter. 

As can be seen on the right part of Fig. 27 
a recirculation can lead to a much better supply of 
humus in the tested crop rotations, when considering 
the recirculation of residues. In crop rotations with 
a high share of perennial forage mixtures (CR 4), the 
recirculation of organic matter causes balances which 
bring about the risk of high and uncontrollable 
mineralization. For the calculation, a humus 
reproduction rate of 0.3 for the fermentation residues 
was estimated. The reproduction rate describes the 
amount of carbon in the residues that can be regarded 
as effective for humus formation. The scientific 
discourse on the definition of scientifically secured 
values is not terminated yet [110, 113-115]. 

Biodiversity 

The increased cropping of energy crops is falling into 
a time in which a preceding reduction of biodiversity in 
Europe has been observed (e.g., [116]). Model-based 
evaluations, which attribute negative impacts for 
energy plant production (e.g., [117, 118]), often have 
the weakness that they do not allow for a differentiated 
analysis of cropping techniques. Other approaches 
focusing on this aspect could - in the analysis of 


Biogas Production and Energy Crops. Table 5 Change of Humus-Carbon dependent on specific cropping in various 
energy crops ([109] according to data from the EVA-project) 


Crop 

DM-yield (tha -1 ) 

Specific change of Humus-C 

Dynamic HE-method 
(kgha -1 ) 

VDLUFA[ ] 

Lower value to Upper value 
(kg ha 1 ) 

Whole-crop cereal 

8.1 

-595 

-280 to -400 

Silage maize 

17.6 

-969 

-560 to -800 

Sorghum (bicolor x sudanense) 

12.3 

-609 


Sorghum (bicolor x bicolor) 

9.0 

-592 


Rye (green-cut intercrop) 

4.8 

87 

120 to 160 

Annual ryegrass (summer intercrop) 

3.7 

81 

100 to 150 

Clover/Alfalfa grass (Main utilization year) 

10.9 

829 

600 to 800 
















Biogas Production and Energy Crops 


211 


1050 

? 800 
CC 
.£= 

~o) 550 
jx. 

0 

o 300 

c 

0 

5 50 

O 

g -200 

£ 

= -450 
-700 


Balance level 

I | 


E, 

very high 











◄ 

► 


D, 

high 




T 






◄ 

► 


-p 

c, 

optimum 






A 


JL 





B,i 

ow 





T 


i 

► 

X 




4 

A, 

very io\ 

V j 

1 






l 

L 




± 


CR1 CR2 CR3 CR4 CR5 CR1 CR2 CR3 CR4 CR5 

No recirculation of residues Recirculation of residues 


Biogas Production and Energy Crops. Figure 27 

Resulting humus balances of crop rotations with high shares of energy plants without including humus reproduction by 
recirculated residues {left) and with the inclusion of reproductive values {right) according to the REPRO-method. The 
dots indicate the median; error bars indicate the span of tested sites [109] 


different cropping systems - point out that the 
different energy plants that can be used can provide 
habitat for a variety of wild-living species. 

To answer the question on what impact can be 
expected from an extended energy plant production, 
not only the chosen energy plant species has to be 
regarded. More importantly, each plant in its 
spatial context has to be analyzed. This means that 
besides the habitat conditions during the course of 
management and the development of the crop stand 
itself, the neighboring structures have to be taken into 
account. 

The most important finding is that, in a cultural 
landscape, each crop can contribute to biodiversity, 
depending on the grade of differentiation from the 
other crops under cultivation regarding its characteris¬ 
tics such as cropping time span, horizontal and vertical 
vegetation structure or flowering. The more diverse 
a regional cropping structure, the higher the probabil¬ 
ity that wild-living species can find suitable habitat 
conditions. This effect is demonstrated for plant 
species and fauna (ground beetles, spiders, and 
apidae/syphidae) (Fig. 28) [78]. 

The Figure shows the number of species occurring, 
depending on the number of crops in the crop rotation. 
The number of individuals of the different species or 
the level of coverage of weed species/side flora is not 


increasing parallel to the number of species. It can 
rather be quantified by the mean of the individuals 
that can be observed in the single crops. If the number 
of crops in a rotation is reduced down to monocul¬ 
tures, the species number is reduced, too. The danger of 
the prevalence of single organism types is increasing 
significantly [78]. 

Positive impacts on the species number of 
most organism groups can be expected by an 
increased cropping of perennial crops. As an example, 
the cropping of perennial forage crops provides habitats 
for species that can only seldom be found in other crops. 
Examples of such species include species whose occur¬ 
rence is dependent on a period of resting soil for several 
years such as grasses in general, rhizomatic species and 
hemikryptophytes and when regarding fauna, species 
that are active throughout the whole year, such as some 
spiders and some apidae/syphidae are notable examples. 
Perennial forage crops also provide hibernation possi¬ 
bilities which other crops lack [119]. 

Multi-cut perennial forage crops might also become 
a trap for some species, since high cutting frequencies 
and especially the first cuts in spring times might lead 
to a destruction of the clutches of ground-nesting 
birds [120]. The same applies to whole-crop cereals 
that are harvested earlier than cereals produced for 
grain use. 
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Biogas Production and Energy Crops. Figure 28 

Species number of different organism groups in crop rotations containing high shares of energy plants depending on the 
number of crops included into rotation systems. Base EVA-Project (Data from Thuringia, Bavaria, Mecklenburg- 
Pommerania for 2005-2007.) Values for birds are based on a consultation of experts and are inflated by a factor of 10 [78] 


On the other hand, the combination of whole-crop 
cereals harvested comparably early with second crops, 
as described above (double-cropping system, Fig. 20c), 
can lead to a prolonged habitat utilization period for 
the different organism groups. Another example, for 
land use change leading to a multitude of effects that 
are positive and negative for biodiversity, is the fact that 
early cuts might lead to a decreased spreading of weeds. 
For example, 35% of flowering plants occurring 
in winter cereal stands and 25% of flowering plants in 
spring cereals do not reach seed ripeness in the case of 
whole plant harvest [78]. From the viewpoint of the 
farmer, this might be an option for weed regulation and 
the minimization of herbicide treatments, especially 
when taking the multiresistance of some weed species 
into account. 

A differentiated view on the impact of different 
crops can be observed in the occurrence of 
flower-visiting animals. While winter wheat provides 
good conditions for the occurrence of solitary bees, 
bumblebees and hover flies are rather to be found in 
maize. Depending on the importance set on the 
occurrence of organisms, the evaluation of different 
energy crops is therefore variable. In the end, the 
evaluation of the impacts of feedstock production for 
anaerobic digestion on biodiversity amounts to the 


question, if the energy plant production with its 
various options results in an extended variety in 
cropping structures or if in a mid-term perspective, 
no such extension will be the case. For an evaluation 
of the different options, regional cropping structures 
should be taken into account. The fact that an extended 
cropping of silage maize is not necessarily leading to 
a reduction, can be shown at the cropping structure of 
the “Saale-Holzland-Kreis” as part of the “Quality 
wheat region” mentioned above. The cropping for 
silage maize in 2007 was less than a quarter of the area 
for winter cereals. An extension of the maize cropping 
area would therefore be linked to an increased biodi¬ 
versity in organisms, whose population development 
takes place in late summer, for example, summer- 
flowering plants, as part of the flora, or ground beetles 
larvally hibernating as well as summer-active spiders 
and syrphidae. 

Future Directions 

The utilization of energy plants for biogas production 
provides chances for a sustainable provision of quanti¬ 
ties of substrate which are not available from other 
sources. Solar radiation that is saved in the substance 
groups of biomass can, in the following utilization 
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chain, be stored and, after anaerobic fermentation pro¬ 
cesses, be used in the form of methane. The utilization 
chain allows for a steady-going electrification or the 
upgrading of biogas for the feeding in of methane into 
the gas grid. 

The particularity of biomass production for 
energy purposes is the fact that it is always part of 
the existing agrarian (eco-) systems and can therefore 
complement these. Chances therefore exist that bio¬ 
mass production can be seen as a structuring ele¬ 
ment, which can provide chances for farming income 
diversification, extension of crop rotations, risk 
diversification, and the equaling out of work peaks 
as well as for sustainability targets such as biodiver¬ 
sity and climate gas mitigation. 

As for future directions, it becomes obvious that the 
extension of biomass production is not leading to the 
achievement of the variety of the different goals per se. 
In fact, the application of sustainable farming options 
for biomass production and the achievement of societal 
goals are also linked to the question, to what extent the 
application of these systems is interesting from the 
economic point of view of farming practice. Since in 
most cases energy farming is dependent on public 
subsidies, the challenging task is resulting to design 
mechanisms that in the context of volatile markets for 
agricultural goods can keep planning security and the 
long-term character of targets in focus and avoid bring¬ 
ing forward systems that are based on the pursuance of 
one-sided and short-term goals. 
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Glossary 

ABR Anaerobic baffled reactor 
ADB Asian Development Bank 
AF Anaerobic filter 
BOD Biological oxygen demand 


BORDA Bremen Overseas Research and Development 
Association 

CAMARTEC Centre for Agricultural Mechanization 
and Rural Technology 
COD Chemical oxygen demand 
CSES Centre for Sustainable Environmental Sanitation 
DEWATS Decentralized wastewater treatment systems 
DM Dry matter 

EGSB Expanded granular sludge bed 
FB Fluidized bed 

GATE German Appropriate Technology Exchange 
Centre 

GIZ Gesellschaft fur Internationale Zusammenarbeit - 
German International Cooperation 
HIV Human immunodeficiency virus 
HRT Hydraulic retention time 
IADB Inter-American Development Bank 
IC Integrated circulation 

IFAD International Fund for Agricultural 
Development 
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Development Bank 
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ODM Organic dry matter 
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SEI Stockholm Environmental Institute 
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SNV Netherlands Development Organisation 
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USTB University of Science & Technology Beijing 
WASAZA Water and Sanitation Association of Zambia 

Definition of the Subject 

Energy is essential for human development. Without 
an adequate basic energy supply, people cannot cook 
their food, light their homes, or keep food and drinks 
chilled for storage. Alongside the introduction of effi¬ 
cient and clean thermal use of waste biomass for 
cooking, the provision of electricity from renewable 
energy sources can provide basic energy services for 
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lighting and communication and promote local eco¬ 
nomic growth. 

Biogas-producing (anaerobic) treatment units as 
part of an integrated waste-to-energy treatment sys¬ 
tem are an alternative to use waste biomass as feed¬ 
stock due to their energy and soil conditioner 
production capacity, low-tech components, and 
adaptability. It is also an excellent technology for 
treatment and reuse of manure and straw, organic 
sludge treatment collected from septic tanks, holding 
tanks, dry toilets, or for organically loaded wastewa¬ 
ter pretreatment. 

Decentralized low-tech biogas system solution 
provides a unique possibility for promoting appro¬ 
priate household and community scale solutions to 
social and environmental problems; it is apparent 
that worldwide still many people are seeking friendly, 
small scale solutions for themselves and their com¬ 
munities, including biogas systems with lower spe¬ 
cific performance efficiency, but out-balanced with 
lower degree of system mechanization and larger 
construction volumes. 

Several research institutions and international 
agencies rate biomass as one of the cheapest available 
renewable energy sources for heat and power genera¬ 
tion. Furthermore, conversion from biomass to useable 
energy is a low-carbon process as the resulting C0 2 is 
captured by plant regrowth. In contrast to other renew¬ 
able energies, biomass energy conversion technology 
can generate heat and power on demand at flexible 
time, as long as a sufficient supply of feedstock is 
assured. Many municipal, agricultural, and livestock 
residues can provide feedstock for bioenergy conver¬ 
sion without increasing land requirements. 

The main advantages of the anaerobic treatment 
process compared to the aerobic treatment process 
are the generation of biogas and significantly less sludge 
production. The fact that the plant nutrients phospho¬ 
rus and potassium are not removed in the treatment 
process can also be an advantage for the application of 
the effluent in agriculture to replace chemical fertilizer, 
but the final effluent should never be discharged 
directly into water bodies without further treatment, 
unless the carrying capacity of the receiving water body 
is not exceeded. 

Often industrialized countries neither have suf¬ 
ficient experience nor appropriate technologies 


to build on in developing countries. Transferable 
experience in low-tech biogas systems was identi¬ 
fied in 1978 first in India and China and trans¬ 
mitted initially by a South-North-South transfer 
during 1980-1993 by international development 
cooperations. In the first decade, biogas technology 
focused on small-scale farmers. At a later stage, 
also larger farms as well as waste treatment issues 
increasingly became the additional focus of biogas 
technology. The term “appropriate technology” 
seemed justified by the fact that low-tech biogas 
systems are still adapted to the respective local 
conditions during a “learning-with-developing- 
countries” process. 

Introduction and Development History 

The topic “biogas” is relevant to all areas of rural 
development. Often overlooked, biomass is the most 
important renewable energy source in developing 
countries. Nearly one third of the world population 
cooks on open fires or traditional stoves with biomass 
(like wood, dung, straw, and agricultural waste). 
When cooking on biomass in huts, without chimney, 
flue gas causes significant respiratory and eye disor¬ 
ders. Therefore, the use of chimney-connected wood¬ 
saving stoves and biogas as clean cooking fuel is 
indispensable for improving health of women and 
children. 

Inadequate sanitation in developing countries is 
a big issue. Moreover, manure, slaughterhouse waste, 
and untreated sewage pose major problems to health 
and environment. To use the energy potential of waste- 
water and waste, these organic substances can be 
treated in anaerobic (biogas) plants. The biogas pro¬ 
duced can be used for cooking, lighting, heating, and 
cooling, and - if sufficient - to run engines. As a 
by-product, a valuable organic fertilizer is produced. 
Biogas plants therefore provide not only advantages 
for environment and sanitation, often, the most impor¬ 
tant aspect is the localized energy production and 
supply with biogas. 

Due to the increasing awareness on climate 
change impacts, eco-friendly renewable energies are 
nowadays more in demand than ever. In relation to 
these changing conditions and technical develop¬ 
ments, biogas as a greenhouse gas neutral source of 
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energy is an often-discussed topic in developing 
countries. 

There are different expressions used for the same 
technology: anaerobic digestion, biogas plants, 
anaerobic fermentation, and biogas-sanitation sys¬ 
tem. The technology has been used for excreta 
treatment now for more than 100 years; thus, biogas 
is for sure the oldest “modern” renewable energy. 
Anecdotal evidence indicates that combustible nat¬ 
ural gas (obviously natural gas, or marsh gas from 
swamps) was used for heating bath water in Assyria 
during the tenth century BC and in Persia during 
the sixteenth century BC. The science of anaerobic 
digestion is as old as scientific research can be and 
includes the names of world’s most famous 
researchers. 

The word methane comes from the Greek 
“MsOaviov aspzov” (Methanion Aerion-swamp or foul 
air/gas) and thus shows that the Greeks already centu¬ 
ries ago knew about the flammable gas. In Asia Minor, 
in places where ignited natural gas (methane) sources 
have been well known, is a volcanic area in which such 
gases occurred and this gas was named Methana. The 
alchemists in the Middle Ages knew methane as 
a swamp gas under the name marsh gas. 

One of the earliest scientific “methane” gas dis¬ 
coverers was the Belgian Jan Baptista van Helmont 
(1579-1644) in 1630; his knowledge is documented 
in a communication about an inflammable gas u gas 
pingue emanating from decaying organic matter. 
In 1667, the British Thomas Shirley (1638-1678) 
described “coal bed methane gas” more precisely 
in a brief report entitled “A Well and Earth in Lanca¬ 
shire taking Fire at a Candle ’ in the “Transactions of 
the Royal Society,” about his observations in Febru¬ 
ary 1659. The Italian Alessandro Giuseppe Antonio 
Anastasio Volta (1745-1827) wrote a letter on 
November 14, 1776, about a combustible gas "Aria 
inflammabile nativa delle Paludi ” evolved when the 
bottom sediments of ponds near the town of 
Como, northern Italy, and in the Lake Maggiore, 
were stirred. He experienced that the gas exploded 
when mixed with air and ignited; he even deter¬ 
mined the gas-to-air ratio that resulted in the 
loudest explosion. It was in 1804 when the British 
John Dalton (1766-1844) established the chemical 
constitution of methane. The gas attracted the 


attention of famous scientists of those days. 
The British William Henry (1775-1836) deduced 
the probable identity of the synthetic illuminating 
gas as methane. In 1806, he showed that Volta’s gas 
was identical with methane gas. 

The first allusion to animal manure came from 
the British Sir Humphrey Davy (1778-1829), who 
reported the presence of combustible biogas in 
fermenting farmyard manure, in 1808. Therefore, 
he can be considered as the first real discoverer 
of biogas as a mixture of methane and carbon 
dioxide. 

By that time the physical scientists (physicists and 
chemists) had advanced knowledge about biogas as 
far as their knowledge allowed, and from thereon the 
microbiologists took over the scientific investigation 
on biogas. In 1868, the French microbiologist Mme. 
Antoine Bechamp (1816-1908) identified the micro¬ 
organism responsible for methane production. She 
showed as well that different fermentation products 
are formed during the digestion process, depending 
on the type of substrate. The Russian Leo Popoff 
from Petersburg published 1875 in Strasbourg, 
Elsass, that fermentation of cellulose could form 
swamp gas at temperatures still as low as 6°C. His 
experimental studies brought out the optimum tem¬ 
perature for their action and the effect of antiseptics, 
with some knowledge of the gaseous decomposition 
products. 

The first attempts in using biogas in France 
were undertaken when the French Ulysses Gayon 
(1845-1929) produced biogas energy from animal 
manure. In 1875, he became director of an agri¬ 
cultural research institute in Bordeaux. His trials 
to produce biogas from manure and to use this 
gas for lighting and heating were published in the 
Comptes Rendus of the Seances de VAcademie des 
Sciences , tome 90, 1884. Dr. P. Duvernay reported 
about this event on March 5, 1884, in the daily 
newspaper “Le Figaro” under the title u Une Drole 
d’Eclairage.” 

Already earlier, in 1881, the French journal Cos¬ 
mos cited the first full-scale anaerobic treatment of 
domestic wastewater as u Mourns Automatic Scaven¬ 
ger Louis Mouras of Vesoul, France, obtained 
a septic tank patent in 1881 and was credited with 
this invention. Baffles, which regulate the flow and 
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increase sanitization, were added in 1905 in order to 
make the septic tank more efficient. It is reported 
that this kind of septic tank without biogas recovery 
was introduced in the USA in 1883, in England in 
1895, and in South Africa in 1898. Anaerobic diges¬ 
tion is therefore the oldest technology applied for 
domestic wastewater treatment. Since 1850 until 
this date, open constructed rectangular settling 
tanks (cesspools) were operated intermittently, 
meaning that the sewage inflow had to be stopped 
regularly for sludge removal. 

In 1895, Donald Cameron, City Surveyor of Exeter, 
England, constructed in this town a line of six 
“Mourns” septic tank, covered to avoid smell, as the 
tanks were placed near dwellings. From 1911 onward, 
under the guidance of Mr. T. Moulding, the collected 
biogas was used in sewer gas destructor lamps, a type of 
street gas lighting. 

Combustible biogas that could be obtained from 
human excreta was also demonstrated in India, 
where in 1897 a biogas-generating plant treating 
toilet wastewater was constructed in Matunga, more 
specifically in the Homeless Lepers’ Asylum, known 
as the Acworth Leprosy Hospital in Wadals, founded 
1890. The biogas was used for lighting. This may be 
the first application worldwide of the so-called 
biogas-sanitation. 

The roots of technical applicability of microbio¬ 
logical digestion probably lie with methane- 
producing bacteria “Methanobacillus omelianskii” 
discovered by the Ukrainian Vasilii L. Omelianskii 
(1867-1928). From 1893 to 1928, he worked in the 
department of general microbiology of the Institute 
of Experimental Medicine. His classic studies on 
methane fermentation bacteria were reported during 
1903/1904. He isolated organisms that produced 
hydrogen, and acetic and butyric acids. He also 
reported the formation of methane from hydrogen 
and carbon dioxide. The development of microbiology 
as a science led to more research by the American 
team A.M. Bushwell, G.E. Symons, C.S. Borruf, and 
W.C. Boyle; they published in 1936 a scientific formula 
describing the composition of biogas based on the 
chemical composition of the substrates undergoing an 
anaerobic digestion process. 

William Owen Travis sought to improve the con¬ 
tact bed procedure for municipal wastewater 


treatment. As local health officer in charge of 
a contact filter at Hampton, England, Dr. Travis was 
quite familiar with the problem of bed clogging. His 
solution, introduced in 1904 as the Travis Hydrolytic 
Tank , was essentially configured as a multistage sep¬ 
tic tank. Successively divided into detritus, hydro¬ 
lytic, and finishing tanks, the latter two zones 
contained wooden baffles or laths placed in 
a parallel array. These baffles were intended to 
retain fine particles for subsequent degradation. 
Based on this development, Karl Imhoff (1876- 
1965) shifted the focus from anaerobic wastewater 
treatment to anaerobic sludge treatment with his 
Imhoff tank (1905/1906). An upper section of this 
tank is designed for sedimentation; the solids fall 
from it through a slot into a lower section for 
digestion. Experiments on a similar unit, called 
Biolytic tank, were carried out in the USA between 
1909 and 1912. With the installation of the first 
sludge heating system, separate digestion of sludge 
was reported at the Essen-Rellinghausen wastewater 
treatment plant in Germany in 1927. The separated 
sludge digestion became increasingly popular in 
larger German towns and cities, and the importance 
of methane gas generation was widely recognized. 
Methane gas was used for digester heating; it was 
collected and delivered to municipal gas systems, and 
it was used for power generation for operating biolog¬ 
ical wastewater treatment systems, and as transport 
fuel. The sale of sewage gas was, in addition to the 
sale of sewage sludge as fertilizer, one of the few ways 
from which the sewage treatment plant could generate 
revenue to reduce wastewater treatment costs. In the 
USA at Belleville Water Works, Maryland, Illinois, 
the first Clarigester was installed in 1938 to separate 
the sludge from the wastewater stream, and to treat the 
sludge anaerobically, recovering sewage biogas. 

In China in 1927, Luo Guorui developed in 
Shantou city, Guangdong province a small-scale agri¬ 
cultural biogas plant, using the gas for lighting; the 
design was based on existing urban household septic 
tanks. This may be considered as the worldwide first 
agricultural bio gas digester. 

Inspired by the research work of the Rothamsted 
agricultural experimental station in England in 
1929, the British Lord Iveagh was the first builder 
of a European agricultural biogas reactor on his 
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property in Pyrford Court, Surrey. He had a 300 m 
volume biogas tank and used straw as feedstock, 
which was inoculated twice a year with fresh 
manure. For 20 years, the daily gas production was 
recorded, which indicated daily 12-120 m . The 
gas was used on the farm even for cooking and 
lighting. It was used until 1960, before it ceased 
operations. 

G. Ducellier and M. Isman developed the design 
and prototypes of another dry-fermentation biogas 
digester since 1937 at the Institute of Agriculture in 
Algeria. Since 1946, the technology had been transmit¬ 
ted to France and Mr. Renandat was one of the first 
farmers at Levroux, Indre, who constructed a biogas 
plant which consisted of a battery of four tanks 
(100 m volume), gasholder and compressor, pres¬ 
sure storage tank, and a biogas-fueled tractor. It was 
estimated that such an installation would pay for 
itself within ten years of construction by the pro¬ 
duction of gas and savings in fertilizer costs. Since 
then, French farmers constructed perhaps 1,000 
low-tech plants along the lines of the Ducellier- 
Isman design. 

In India, in 1946, a social worker within the Khadi 
and Village Industry Commission (KVIC), Mr Jashbhai 
Patel, started to work on developing a liquid manure 
biogas digester design placing the digestion chamber 
below ground. 

Imhoff drafted in 1944 an agricultural biogas 
plant for the farm Zitzstaudenhof in Olching, 
Germany. Although this plant was never built, the 
draft, published several times by the designer, gave 
the model for the first agricultural biogas plant 
called “Darmstaedter Gaerkanal - gas factory on 
a farm ’ in 1947/1949 on the farm Bertaloth in 
Rohrbach; improvements were guided by Prof. 
F. Reinhold, State Laboratory of Road and Urban 
Engineering at the Technical University Darmstadt, 
and built by the Casting and Valve Works Kaisers¬ 
lautern, Germany. 

Nowadays, such low-tech anaerobic reactors are 
widely adopted for the stabilization of municipal 
sludge, human excreta, and animal manure, aiming at 
the generation of renewable energy in the form of 
methane and the generation of bioslurry. 

The National Institute for Water Research of the 
South African Council for Scientific and Industrial 


Research published in 1950 research results from 
G.J. Stander, which recognized the importance of 
solid retention time (SRT) for a successful anaerobic 
treatment of different wastewaters. This has been the 
basis for the worldwide development of the so-called 
high-rate anaerobic biogas reactors, in which SRT and 
hydraulic retention time (HRT) are uncoupled, but 
both fractions are undergoing anaerobic treatments 
in one constructed tank. Further development led to 
a wider application of anaerobic biotechnology, 
particularly for industrial wastewater treatment com¬ 
bined with biogas recovery. Some of the present widely 
used high-rate anaerobic treatment processes for 
industrial wastewater treatment are anaerobic filter 
(AF), up-flow anaerobic sludge blanket (UASB) reac¬ 
tor, expanded granular sludge bed (EGSB), fluidized 
bed, internal circulation (IC) reactor, and hybrid 
systems. 

Basics of the Biogas Process 

Anaerobic digestion is a complex biological process 
that takes place in the absence of oxygen. The decom¬ 
position process is possible under anoxic (presence of 
nitrate) and anaerobic conditions: Bacteria split 
organic substances into their components, and these 
components are “re-arranged”; other bacteria originate 
from biochemical degradation. 

The digestion is a multistage process consisting of 
hydrolysis, acido- and acetogenesis, and methanation 
performed by different bacteria and microorganisms. 
In low-tech biogas systems, the different degrading 
reactions take place in one or two digester(s) or diges¬ 
tion chambers. The digestion process starts with 
hydrolysis of the input material caused by 
exoenzymes of facultative and obligatorily anaerobic 
bacteria in order to break down insoluble organic poly¬ 
mers such as cellulose, proteins, and fats. Acidogenic 
bacteria then convert sugars and amino acids into 
carbon dioxide, hydrogen, ammonia, and organic 
acids, followed by acetogenic bacteria converting the 
resulting organic acids into acetic acid, along with 
additional ammonia, hydrogen, and carbon dioxide. 
At the end of the process, methanogens convert these 
products into methane and carbon dioxide. 

To summarize, the anaerobic digestion process 
consists of the following steps: 
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1. Hydrolysis: (a) The organic matter is hydrolyzed by 
extracellular enzymes, (b) Bacteria decompose the 
long chains of complex to simpler substances, for 
example, polysaccharides to monosaccharides. 

2. Acidification: (a) Acid-producing bacteria convert 
intermediate fermentation products into acetic acid, 
H 2 , and C0 2 . (b) Acid-producing bacteria create 
anaerobic conditions for CH 4 (methane)-producing 
bacteria. 

3. Methanization: Methanogens, that is, methane- 
producing bacteria, acetic acid, and/or hydrogen 
are used to form methane. Sulfate reduction leads 
to the formation of hydrogen sulfide. 

Higher concentrations of, for example, ammonia, 
heavy metals, light metal cations, oxygen, short chain 
organic acids, other organic acids, and sulfides could 
inhibit the anaerobic process. Short-term biogas pro¬ 
ductivity tests are available to investigate this. 

One result of such an anaerobic digestion is biogas. 
The term “biogas” refers to a gas produced by anaero¬ 
bic digestion or fermentation of organic matter includ¬ 
ing manure, sewage sludge, municipal solid waste, 
biodegradable waste, or any other biodegradable 
feedstock under anaerobic conditions. Biogas is com¬ 
prised primarily of methane and carbon dioxide. In 
conventional septic tanks, biogas from Imhoff tanks 
(combined settler and sludge treatment units) and 
anaerobic lagoons vented out, creating climate critical 
emissions due to its methane content. The rate of 
methane production depends on the rate of removed 
COD, BOD, and the temperature. It is also common to 
relate the biogas production to the dry matter (DM) or 
organic dry matter (ODM) of the input material. 

Practically most anaerobic bioprocesses stabilize 
organic wastes that are formed from mixtures of fats, 
proteins, and simple carbohydrates, and this typically 
results in biogas composition illustrated below: 

• Methane (CH 4 ): 50-70 vol% 

• Carbon dioxide (C0 2 ): 28-48 vol% 

• Other gases: up to 2 vol% including trace compo¬ 
nents such as hydrogen, nitrogen, oxygen, ammonia, 
argon, carbon monoxide, hydrogen sulfide, non¬ 
methane volatile organic carbons, halocarbons 

Biogas-producing systems are used as environmen¬ 
tally friendly technology for waste and wastewater 


treatment, and for renewable energy generation in 
many countries. The average calorific value of biogas 
is about 6 kWh/m ; this corresponds to about half 
a liter of diesel oil. The net calorific value depends on 
the efficiency of the burners or appliances. Methane is 
the valuable component under the aspect of using 
biogas as a fuel. 

Bio gas can be used for (in order of simplicity, with 
simplest option first): cooking with gas stoves, lighting, 
heating, electricity generation, simultaneous generation 
of both electricity and useful heat (with combined heat 
and power (CHP) units), cooling, or as transport fuel. 
Some options are only feasible for larger biogas systems, 
but the smallest combustion engine-based “mini” 
biogas GENSETs - commercially offered - is 4 kVA. 

As common figures for methane production 
0.25 m CH 4 /kg COD (chemical oxygen demand) 
removed or 1 kg BOD (biological oxygen demand) 
removed results in practice in about 0.6 kg methane 
at 273 K (energy content of methane 35.8 MJ/m 3 ). 

Sulfur content in biogas in form of hydrogen sulfide 
(H 2 S) has to be taken into account and possibly filtered 
out or eliminated chemically. H 2 S is a colorless gas 
presenting a strong odor of rotten eggs; it fatigues the 
sense of smell, which cannot be counted on to warn of 
the continued presence of the gas. While biogas is used 
for cooking, the presence of H 2 S in the biogas results in 
smell disturbance and faster corrosion of the cast iron 
burner parts, which are in direct contact with biogas. 

Additionally, a part of H 2 S might be converted 
through the incomplete combustion of biogas into 
sulfur dioxide (S0 2 ), which could result in headache 
and breathing problems. Even it is known that H 2 S 
needs a lower (260°C) combustion temperature than 
methane (CH 4 ) at 560° C, temperatures over 850° C 
throughout the flame are necessary to prevent the 
formation of carbon monoxide (CO), partially oxi¬ 
dized hydrocarbons, dioxins and furans, and polycyclic 
aromatic hydrocarbons (PAHs). 

Stoichiometrically, 9.6 volumes of air per volume of 
methane are required to achieve complete oxidation by 
burning. For the typical biogas composition given 
above, this ratio reduces to 5.7:1. Similarly, the energy 
released by pure methane is 36 MJ/m (gross calorific 
value) and is reduced to 21 MJ/m for biogas. 

Organic material degrades more rapidly at higher 
temperatures because all biological processes operate 
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faster at higher temperatures up to the limit of 
sterilization. The three ranges of temperatures in 
which methanogens could work are called 
psychrophile (8-25° C, with an optimum at 17°C), 
mesophile (30-42° C, with an optimum at 40° C), and 
thermophile (53-65°C, with an optimum at 55°C). 

Low-tech, non-heated, and poorly insulated biogas 
systems are often applied in countries where the ambi¬ 
ent average annual temperature ranges above 12-25°C. 
In ambient temperatures below 8°C, digestion capabil¬ 
ity is very much reduced without active and passive 
heating and insulation of the digester. The methane 
formation process is also sensitive to daily temperature 
variations of more than 3°C; therefore, day-night var¬ 
iations or temperature shock loads have to be kept in 
a limited range to ensure a steady biogas production. 
The higher the process temperature the more sensitive 
is the process (bacteria). 

To improve low-tech biogas systems, the applica¬ 
tion of improved insulation (above and below ground), 
keeping the plant environment dry (drainage layer and 
plant area roofing), active and/or passive heating of 
plant, and filling substrate should be considered 
(preheating, solar heating), depending on available 
design, funds, and micro-environment. 

Biogas Systems and Their Importance 

Biogas systems are defined here as “engineered systems 
designed and constructed to utilize biological processes 
which break down solids and soluble organics in the 
liquid by anaerobic bacteria action under exclusion of 
free oxygen in treating organically loaded sludge.” 

A process design differentiation between highly 
diluted (low dry matter content) wastewater and solids 
or sludge (high dry matter content) treatment has to be 
made. For the first one, bacteria have to be accumu¬ 
lated and kept in the system, while in the second one, 
organic biodegradable solids are hydrolyzed and then 
converted into biogas. Anaerobic wastewater treat¬ 
ment, biogas sanitation, bio-waste fermentation, and 
manure treatment are using the same biological pro¬ 
cess, but the goal of anaerobic wastewater treatment is 
to purify wastewater. The goal of animal manure treat¬ 
ment in biogas plants is to generate energy, avoid 
methane emissions, and to produce an improved soil 
conditioner. The goal of biogas sanitation is to prepare 


“humanure for safe reuse and to produce biogas. The 
goal of bio-waste fermentation is to reduce volume of 
waste for post-treatment and to produce carbon emis¬ 
sion free energy, rather than to prepare manure for 
fertilizing reuse and to produce biogas. 

Biogas systems may treat a wide range of waste and 
wastewater; here a focus is put on biogas production in 
developing countries (low-tech applications) for small- 
scale heat and cooking gas provision, by treating animal 
manure, organic waste from industries and settlements, 
black water or brown water, excreta, fecal sludge, waste- 
water from low or no flush toilets, and kitchen waste. 

Anaerobic treatment units are often an alternative 
or a pre-treatment to aerobic treatment systems due to 
their energy and soil conditioner production capacity, 
low-tech components, and adaptability. It is also 
a technology for organic sludge treatment. The main 
advantages of the anaerobic treatment process com¬ 
pared to the aerobic treatment process are the genera¬ 
tion of biogas and significantly less excess sludge 
production as well as smaller reactors. The fact that 
the plant nutrients phosphorus and potassium are not 
removed in the treatment process can also be an advan¬ 
tage for the application of the effluent in agriculture to 
replace mineral fertilizer. However, the effluent should 
never be discharged directly into water bodies without 
further treatment, unless the carrying capacity of the 
receiving water body is not exceeded. Anaerobic tech¬ 
nology has advantages in terms of nutrient recycling, 
energy balance, and C0 2 emission reduction compared 
to conventional aerobic treatment systems. 

Toilet wastewater alone could not produce enough 
biogas to cover completely the energy demand for 
cooking or lighting of a household, at least the excreta 
of five persons are needed to cover the daily cooking 
energy demand of one person. Feeding easy biodegrad¬ 
able organic kitchen waste or animal dung into the 
biogas-sanitation digester could increase the biogas 
yield. An organic garbage disposal unit in the kitchen 
sink (grinder) is useful in this respect. 

In decentralized or semi-centralized wastewater 
treatment systems, biogas-sanitation units are often 
designed as primary treatment of wastewater to remove 
large particles and some organic matter by settling and 
digestion. 

Besides the feedstock material, local circumstances 
must be taken into consideration before designing a 
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biogas plant, such as the dilution of the influent with 
(gray) water or urine; addition of organic waste; the 
settle-able solids content in the influent; the climate 
and soil temperatures; available space; and the intended 
reuse or disposal pathway. 

Methane (CH 4 ) is a greenhouse gas that remains in 
the atmosphere for approximately 9-15 years. Methane 
is 21 times more effective in trapping heat in the atmo¬ 
sphere than carbon dioxide (C0 2 ) over a 100-year 
period. It is emitted from a variety of natural and 
human-influenced sources. Human-influenced sources 
include landfills, natural gas and petroleum systems, 
and agricultural activities; coal mining; stationary and 
mobile combustion; wastewater treatment; and some 
industrial processes. Methane is also a primary constit¬ 
uent of natural gas and an important energy source. As 
a result, efforts to prevent methane emissions or utilize 
methane can provide significant energetic, economic, 
and environmental benefits. 

Biogas systems can be classified according to vari¬ 
ous parameters; the three most important design 
criteria are (1) hydraulic retention time (HRT in 
days), (2) organic load rate (OLR in kg COD/m or 
kg ODM/m active fermenter volume), and (3) settled 
sludge retention time (SRT in days or years). 

The required hydraulic retention time (HRT) of the 
substrate in the digester depends on the process tem¬ 
perature and the type and concentration of the sub¬ 
strate itself. This will then determine the volume of the 
digester. Digesters are generally designed for an opti¬ 
mum economic balance between highest biogas yield 
and smallest volume (HRT). Therefore, the retention 
time is chosen as the total time required, producing 
a certain amount of the total biogas (to size the digester 
to obtain all possibly generated biogas is often not 
economically viable). A low-tech energy-optimized 
biogas system should have a minimum of 20 days of 
hydraulic retention time due to bacterial reproduction 
time, but from a health point of view, the hydraulic 
retention time in a biogas-sanitation system should be 
extended to more than 60 days, if no adequate post¬ 
treatment of effluent is foreseen. 

For animal manure undergoing low-tech fermenta¬ 
tion process in the upper psychrophilic and lower 
mesophilic temperature range (17-33°C), the follow¬ 
ing approximate hydraulic retention time values are 
usually applied: 


• Cow or cattle manure: at least 30 days 

• Pig manure: at least 25 days 

• Poultry manure: at least 40 days 

• Animal manure mixed with easy biodegradable 

plant material: about 80 days 

• Fecal material: at least 60 days 

A sludge retention time (SRT) of at least 10 days is 
necessary to promote methanogenesis in the anaerobic 
treatment of primary sludge at a process temperature of 
25°C while a sludge retention time of 15 days is neces¬ 
sary for sufficient hydrolysis and acidification of lipids. 
For temperatures as low as 15°C, a sludge retention 
time of at least 75 days has to be considered to achieve 
methanogenic conditions. The longer the sludge reten¬ 
tion time, the better the degradation and stabilization 
of the sludge will be and less sludge will remain. This is 
of special importance for biogas-sanitation units; the 
handling of not-sufficient treated sludge can be also 
a problem in densely populated areas. 

Parameters for monitoring anaerobic processes 
are: organic dry matter content, pH value, carbon- 
to-nitrogen ratio (C/N ratio), redox potential, volatile 
fatty acids, moisture content of the biogas, temperature 
stability, and substrate composition. Biogas amount 
and quality should be used for monitoring the plant 
performance - related to the applied feedstock biogas 
potential; the total solids content in the reactor influent 
and effluent is an important parameter, too. 

It is always important to maintain by weight 
a carbon-to-nitrogen (C/N) ratio between 8 and 30:1 
for achieving an optimum rate of digestion. Combin¬ 
ing materials low in carbon with those that are high 
in nitrogen can manipulate the C/N ratio. If the C/N 
ratio is very high, nitrogen limitation could cause 
low gas production, since nutrients for the growth of 
anaerobic bacteria are lacking. If the C/N ratio is very 
low, the pH value may increase, and will have a toxic 
effect on bacteria, and also result in lower biogas 
production. 

Different types of biogas digesters could be com¬ 
bined (so-called combined systems, multistep systems, 
or decentralized wastewater treatment systems) in 
order to benefit from the specific advantages of the 
different systems. The quality of the final effluent 
from the systems improves with the multiple steps of 
the treatment facility. Design and engineering 
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information for the worldwide used fixed dome, baffle 
reactors, anaerobic filter, covered lagoon, stirred sys¬ 
tems, up-flow systems, or composite plant design var¬ 
iations are available through many websites, literature, 
and expert consultations. 

Local design adaptations to different local human 
diets, livestock keeping habits and manure types 
(influencing organic load and biogas potential), saniti¬ 
zation needs, and effluent reuse options (for energy 
crops, tree nursery, grassland, vegetable, grains) are 
always necessary. 

Selected Low-Tech Biogas Design and Post- 
Treatment Units Descriptions 

Below some selected low-tech biogas designs are 
described. The key to the optimal operation of a reactor 
selection and design is to understand the bacteria: how 
much, how active, how good in resisting shock loads. 

Fixed Dome Digesters. Chinese model biogas plant 
with manhole (also called drum-less digester) consists 
of an underground compartment (fermentation cham¬ 
ber) with a dome on the top for gas storage. In this 
design, the fermentation chamber and gasholder are 
combined as one unit. The construction details of 
a biogas plant (with or without baffle(s), size of inte¬ 
grated gasholder) depend on the further treatment step 
chosen and on the expected biogas use pattern. In 
a special design, the so-called biogas settler (BS), to 
achieve that the sludge retention time (SRT) is longer 
than the hydraulic retention time (HRT), baffle or 
separation walls should be added when it is operated 
as stand-alone sanitation system. The accumulated set¬ 
tled sludge must be removed from the base of the 
biogas settler (BS) periodically. 

Floating Drum Digesters. In the digester chamber, 
a floating drum (bell) is placed on top of the digester to 
collect the biogas produced from the digester. Thus, 
there are two separate structures for gas production 
and collection. The construction details of a biogas 
plant (with or without baffle) depend on the further 
treatment step. 

Covered Lagoon Digester. A sealed pond or lagoon 
operated for the stabilization of manures, anaerobically 
and fitted with an impermeable cover (polyvinyl 
chloride (PVC), ethylene propylene diene monomer 
rubber (EPDM), or high density polyethylene 


(HDPE)) to capture the biogas generated as the prod¬ 
uct of waste stabilization. Disadvantages are the land 
area needed for anaerobic lagoons and sludge sedimen¬ 
tation problems, if digester is un-stirred. 

Plug-Flow Biogas Digester. Plug flow is a simple 
model of the velocity profile of a fluid flowing in 
a pipe. In plug flow, the velocity of the fluid is assumed 
to be constant across any cross section of the channel 
perpendicular to the axis of the channel. Essentially no 
back mixing is assumed with “plugs” of fluid passing 
through the reactor. Many different forms of construc¬ 
tion are known, for example, fixed-dome tunnel plants, 
floating gas holder tunnel plant, PVC or PE-plastic bag 
“sausage” tubular digester, composite tank plant, cov¬ 
ered sedimentation channel lagoons. The digester is 
a long, rectangular container or tank or channel (1/5: 
about 1 times large related to 5 times long), with 
gastight cover. New material added to the tank at one 
end pushes older material to the opposite end. 

Anaerobic Baffled Reactor. The anaerobic baffled 
reactor (ABR) has a series of up-flow and down-flow 
baffles which are used to direct the flow of wastewater 
in an up-flow mode through a series of sludge blanket 
reactors. This configuration provides a more intimate 
contact between anaerobic biomass and liquid, thus 
improving the treatment’s performance. It could be 
used as primary treatment as well, especially where 
influents are highly diluted with flush water (from pig 
stable or toilet buildings). Separation of the sludge 
retention time (SRT) from the hydraulic retention 
time (HRT) is the key to the successful operation of 
an anaerobic baffled reactor. Due to this fact, a baffled 
reactor is considered as the best alternative to aerobic 
treatment and posterior to primary settlement in 
a biogas digester. The treatment efficiency achievable 
is usually superior to that of a conventional septic tank. 

Anaerobic Filter. The anaerobic filter (AF) is suitable 
for effluents with a low content of suspended solids and 
a narrow COD/BOD ratio, for instance, from biogas 
settlers or biogas septic tanks or anaerobic baffled reac¬ 
tor as initial treatment unit. The bacteria in the filter 
are immobile and generally fix themselves to solid 
particles (carrier material) or to the reactor walls. Filter 
materials like rocks, cinder, plastic, or gravel provide 
additional surface area for bacteria to settle. The larger 
surface area for the bacterial growth helps in the quick 
digestion of the wastes. A good filter material provides 
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a surface area of 90-300 m /m reactor volume. 
Anaerobic filters are reactors consisting of supporting 
material layer. On the surface of these material layers or 
bed fixation of microorganism the development of 
biofilm takes place. In the case of concentrated feed¬ 
stock, the risk of blockage of the filter material increases 
with the concentration of suspended solids. Therefore, 
it is best suited for posttreatment. 

Up-flow Anaerobic Sludge Blanket Reactor. The up- 
flow anaerobic sludge blanket reactor (UASB) is a tank 
filled with anaerobic granular or flocculants sludge 
with good settling properties. (The bacteria spontane¬ 
ously agglomerate to form granules.) Influent waste- 
water is distributed at the bottom of the UASB reactor 
and travels in an up-flow mode through the sludge 
blanket. The anaerobic degradation of organic sub¬ 
strates occurs in this sludge blanket, where biogas is 
produced and serves to mix the contents of the reactor 
as they rise to the surface. The UASB reactor has the 
potential to produce higher quality effluent than biogas 
septic tanks, and can do so in a smaller reactor volume. 
The design of an UASB reactor must provide an ade¬ 
quate sludge zone since most of the biomass is retained 
there. The granulated sludge zone is completely mixed 
because the wastewater is fed into the reactor through 
a number of regularly spaced inlet ports. The UASB is 
also characterized by a much longer SRT in comparison 
with the HRT. 

Development of Biogas Use in Various Countries 

In the following some developing country programs 
and developments in the biogas sector are briefly 
described; the list is however incomplete as about all 
countries have nowadays their own biogas history. 

Asia 

Bangladesh The Institute for Fuel Research and 
Development (IFRD) of Bangladesh Council of Scien¬ 
tific and Industrial Research (BCSIR) has been the 
main actor for the dissemination of domestic biogas 
plants in Bangladesh till date. Other organizations 
being involved at different stages have been Bangladesh 
Rural Advancement Committee (BRAC), Local 
Government Engineering Department (LGED), 
Department of Environment (DoE), Grameen Shakti 
(GS), Bangladesh Agricultural University (BAU), 


Bangladesh Small 8c Cottage Industries Corporation 
(BSCIC), Danish International Development Agency 
(DANIDA), and Department of Livestock Services 
(DLS). 

In 1972, BAU set up a first floating-drum plant in 
the University campus to study the characteristics of 
gas production, followed later by a plant that provided 
gas for cooking and lighting for a family of six mem¬ 
bers. In the campus of BCSIR, another plant was 
constructed by IFRD in 1976, followed by a plant at 
the KBM College in Dinajpur in 1980. Seventy-two 
plants were constructed for farmers with technical 
assistance by IFRD. In 1981, DoE started its program 
through which about 150 floating-drum and 110 fixed- 
dome plants were installed by contractors free of cost. 
Other efforts were undertaken by BSCIC (a number of 
plants), DANIDA and LGED (more than 200 trench 
and bag type digester), and DLS (about 70 plants). Also 
the Grameen Bank installed 17 polyethylene plastic bag 
digesters. Under the “Fuel Saving Project” 
implemented from 1989 to 1991, IFRD trained local 
youths who constructed in total 146 plants in the pre¬ 
mises of well-to-do farmers. The gasholder was sup¬ 
plied free of cost. In 1994, LGED supported the 
establishment of an ecological village (Amgram in 
Madaripur district) among others by converting 
95 open latrines into family biogas-sanitation plants. 

An important dissemination push was delivered by 
the “Biogas Pilot Plant (1st phase) Project” 
implemented by BCSIR in the period July 1995 to 
June 2000. In total, 4,664 fixed-dome plants were 
constructed throughout the country. BCSIR employed 
and trained 128 diploma civil engineers who were 
assigned responsibilities for motivation, installation, 
and after-sales service throughout the country. In addi¬ 
tion, 898 youths were trained to support the project. 
The biogas farmers received an investment subsidy of 
Taka 5,000 (US$ 64) under the project. Memorandum 
of Understanding (MoU) were signed between BCSIR 
and several other institutes like BRAC, LGED, and DLS 
for research, training, and dissemination of the biogas 
technology. The cooperation with BRAC was the most 
successful as this organization managed to motivate 
about 1,200 farmers. An interim evaluation report in 
1999 reported 99% of the plants installed under the 
project were in operation, while 91% of the owners 
could meet their household fuel demand through 
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biogas. Bioslurry from the biogas plants was used in 
horticulture, pisciculture, and agriculture. The average 
saving per plant amounted to Taka (US$ 10) per 
month. 

As the first phase was successfully completed and 
the potential for biogas in Bangladesh considered huge, 
BCSIR implemented the second phase of the Biogas 
Pilot Plant in the period July 2000 to June 2004. 
The target for this phase was to put on 20,000 biogas 
plants, out of which 17,194 plants were finally realized. 
The investment subsidy for the owner was increased to 
Taka (US$ 96) per plant. In addition to the diploma 
civil engineers employed and paid on a monthly basis 
by BCSIR, an agency system was introduced on incen¬ 
tive basis. About 50 agencies were recognized in defined 
areas (mostly districts) and received a lump-sum fee of 
Taka (US$ 64) per plant as service charge. About 1,000 
masons and youths were trained under the project 
as well. 

In the period from October 1998 to June 2003, the 
LGED implemented a parallel biogas project aiming to 
install 1,900 domestic plants. As the investment subsidy 
for this project amounted to Taka (US$ 64) only, it 
proved to be rather difficult to motivate farmers during 
the implementation of the second phase of the Biogas 
Pilot Plant Project when BCSIR was providing 
a subsidy of Taka 7,500 to farmers. Therefore, the 
LGED project was terminated prematurely, after having 
constructed about 1,120 biogas plants. Under the Sec¬ 
ondary Town Infrastructure Development Project-II, 
another 20 domestic biogas plants were installed 
using human excreta only. 

Of more recent date is the initiative of GS aiming to 
construct not less than 200,000 biogas plants within 
a period of five years. This initiative is still in the 
preparatory phase; at the time of the mission a total 
of 10 plants were installed or under construction. 
Agency holders also continued to construct plants 
without any subsidy in very limited numbers after the 
termination of the second phase of the BCSIR pilot 
project in June 2004. By the end of 2008, about 
40,000 family-sized low-tech biogas plants of different 
designs had been installed throughout Bangladesh. 

Since 2006, Netherlands Development Organisa¬ 
tion (SNV) is implementing the “National Domestic 
Biogas and Manure Programme” (NDBMP) in Bangla¬ 
desh involving the “Infrastructure Development 


Company” (IDCOL), and other national and local 
partner organizations. The overall objective of the 
NDBMP is to further develop and disseminate domes¬ 
tic biogas plants in rural areas with the ultimate goal to 
establish a sustainable and commercial biogas sector in 
Bangladesh. This program will help to attain Millen¬ 
nium Development Goals (MDG) set by Government 
of Bangladesh as well. The overall objective of the 
National Domestic Biogas and Manure Programme 
(NDBMP) is to develop and disseminate domestic 
biogas plants in rural areas with the ultimate goal to 
establish a sustainable and commercial biogas sector in 
Bangladesh. The National Strategy for Economic 
Growth, Poverty Reduction and Social Development 
prepared by the Ministry of Finance and Planning also 
puts emphasis on “creating a policy environment that is 
capable of providing right incentives to adopt new 
technologies.” It also emphasizes the integration of 
environmental conservation strategy into national 
poverty alleviation strategies. NDBMP further contrib¬ 
utes to achieve millennium development goals set by 
the Government. Contribution of biogas in this regard 
will help poverty reduction through (1) savings on 
energy expenditure, (2) increased agriculture produc¬ 
tion by maximum utilization of bioslurry as fertilizer, 
(3) gender equality through empowering women in 
decision making and maximization of their participa¬ 
tion in the program, (4) improved health through 
provision of clean cooking energy, (5) improving san¬ 
itation by toilet construction connection to the bio- 
digester, and (6) creation of opportunities for local 
employment. 

Until April 2009, about 35,000 plants were already 
newly installed in Bangladesh. Considering only 
smaller sized household biogas plants the total techni¬ 
cal potential from the available raw material reaches up 
to about a potential of three million biogas plants. 
Under the on-going program a total of 37,269 plants 
are aimed to be constructed in the period 2006-2012. 
Several activities are implemented to achieve this tar¬ 
get: promotion and subsidy administration to provide 
Taka 9,000 (US$ 115) per household as investment 
subsidy. To ensure proper functioning of the plant, 
guarantee on plants for 5 years and maintenance ser¬ 
vices are provided for 3 years, and training on opera¬ 
tion and maintenance will be provided to each biogas 
plant owner family. Trainings will be developed and 
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imparted to the staff of the partner organizations to 
strengthen their capabilities. Proper management and 
utilization of bioslurry is given high emphasis. IDCOL 
plays a role of refinancing whereas another program 
implementing organization will be engaged for pro¬ 
gram activities of the (technical) implementation. 
This program is subsidized by the Government of 
Bangladesh, the Netherland development cooperation, 
local Micro Finance Institutions, and supported with 
development cooperation loans by the German Bank 
for Reconstruction and Development (KfW). In addi¬ 
tion to these budgetary sources, there is an opportunity 
of generating carbon finance through trading carbon 
emission reduction from well-performing biogas 
plants. 

China In 1927, Luo Guorui developed in Shantou 
city, Guangdong province, a small-scale agricultural 
biogas plant, based on existing urban household septic 
tanks. As a standard, the toilet and the pigsty 
were connected to an underground 8 m digester. The 
Shantou Guorui Natural Methane Gas Lamp Company 
has commercially promoted the system. In the Shantou 
newspaper in 1930, he advertised the benefits of 
natural methane lamps. The inventor moved in 1931 
to Shanghai and founded the Chinese Guorui General 
Natural Methane Company with many branches along 
the Yangtze River and in the southern provinces. 
In April 1935, Chinese lecture notes about Guorui 
methane digesters were published as the first scientific 
presentation about low-tech household-based agricul¬ 
tural biogas technology in the world; this publication 
initiated the first wave of biogas application in China. 

Since 1957 biogas research and technology were 
developed at high speed, and the Chinese government 
promoted farm biogas technology vigorously. At the 
Beijing Agricultural University, 1958, the first “inter¬ 
national” training course on low-tech biogas technol¬ 
ogy was held with Soviet Union invitees. The 
technology was found to be appropriate to both the 
livelihood systems of rural farmers and the political 
intention of the communist party to become indepen¬ 
dent of fertilizer imports. Up to seven million biogas 
units have been constructed in China between the years 
1968 and 1978. The main feedstock was pig manure, 
and the main emphasis of the Chinese program was to 
provide an efficient and economic fertilizer, rather than 


household energy aspects of biogas technology. One of 
the lessons learned from this Chinese biogas program is 
that technology dissemination to a very large number 
of households is possible if it is supported by a strong 
political will. 

The today worldwide known Chinese round shaped 
fixed-dome biogas plant was developed in 1973, and in 
1980 - after 7 years of experience and adaptations - it 
was standardized nationwide. In 1980, the China Bio¬ 
gas Association was founded to coordinate the biogas 
development inside the country and internationally. 

In 1978, the Zhangzhou College of Education 
developed a small-scale three-chamber biogas- 
sanitation digester for anaerobic treatment of excreta 
from household toilets, which was added to the agri¬ 
cultural standards. In 2000, the composite fiberglass 
household biogas plants entered the commercial 
market with volumes between 6 and 10 m . This 
prefabricated biogas digester offers some significant 
improvements: improved gas tightness, long life span, 
lower maintenance costs, and shorter construction 
period from at least 10 days with brickwork and con¬ 
crete to half a day. Since then, other prefabricated 
models, mainly based on high-density polyethylene 
(HDPE) material, have been developed and entered 
the market as well. 

In 2003, the national biogas development plan for 
China 2003 till 2010 suggested to increase the use of 
biogas until the year 2005 from 11 million households 
to 20 million households, promoting biogas use in one 
of ten agricultural households. In 2010, the number of 
biogas-using households reached 40 million, with an 
operational rate of at least 60%, as estimated by 
Chinese evaluations. Since 2003, the government sub¬ 
sidizes each low-tech biogas plant with an average of 
1,000 CNY (about 110 €). 

India In 1946, a social worker within the Khadi and 
Village Industry Commission (KVIC), Mr Jashbhai 
Patel, started to work on developing a biogas design 
placing the digestion chamber below ground. Whereas 
in the former Indian model, reactor and gasholder have 
been separated, the new feature integrated gasholder 
and reactor into one unit, saving both space and mate¬ 
rial. Further innovations of this design were the 
continuous flow system and automatic overflow when 
overloading. It was also equipped with a device that 
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should prevent scum to enter the gas pipes. The first 
unit of this type was installed in 1950 at Osmania 
University, Hyderabad. The design was called 
Gramalakshmi; Grama meaning “rural” in Hindi, and 
Lakshmi is the Goddess of wealth and prosperity in the 
Hindu religion. There is also a notion of the word 
Grama toward the Gandhian movement of rural 
development. 

The work of Mr. Patel continued during the 1950s; 
other institutions such as the Rama Krishna Mission in 
Calcutta and Khadi Pratisthan Sodepur in West Bengal 
did also develop new designs. A number of pilot units 
were constructed especially in the regions of Maharash¬ 
tra and in the vicinity of Delhi. KVIC included dissem¬ 
ination of biogas technology in its rural development 
program since 1961, as a result of the earlier field trials. 
The Planning Research and Action Division (PRAD) of 
Uttar Pradesh took further national initiatives by 
establishing a research station in Ajitmal. This research 
station later became known as the Gobar Gas Research 
Station, and one of the influential persons was Mr. Ram 
Bux Singh. Until 1974, about 6,000 biogas units were 
set up in India. 

In 1975, the years following the worldwide energy 
crisis, it was considered that a well-tested low-tech 
biogas technology existed, and the required infrastruc¬ 
ture for carrying out a nationwide dissemination pro¬ 
gram was planned, with the aim to install 1.5 million 
biogas units by 2001. Many organizations and institu¬ 
tions were involved, but the main responsibility for the 
implementation of the program was held by KVIC. The 
biogas program was in many respects in line with 
the development goals defined by Indira Gandhi and 
the government. The technology was indigenously 
Indian; it was expected to develop the rural areas and 
to improve the livelihoods of rural population. It was 
also a response to the increased oil import expenditures 
India had experienced some years ago. Identifying the 
fuel wood crisis, biogas technology was considered, 
among many planners and policy makers, to be a real 
solution to the problem. International organizations 
and donors were beginning to show interest in the 
technology. Rural development and appropriate tech¬ 
nology were attractive for any development program. 
Small-scale technologies were given attention as possi¬ 
ble solutions to the limits of finite resources. It was 
considered that the dissemination of biogas technology 


was a potential way to improving the situation for rural 
people with limited budgets. In 1978, the Gobar Gas 
Research Station in Ajitmal, Uttar Pradesh, came up 
with a prototype of a new design called Janata biogas 
plant, meaning “public” or “people” in Hindi. The 
Janata design was similar in several ways to the Chinese 
fixed-dome design, but with one notable difference: 
The Janata design was not equipped with a manhole 
on the top of the digester, which was a common feature 
of Chinese designs. The (Chinese) manhole or the 
floating gas drum on the top made it possible to use 
other feedstock than manure, as feedstock that floated 
on top of the slurry could be taken out. Floating bio¬ 
mass can cause blockage of gas pipes as well as the 
digester volume is not used efficiently with reduced 
gas production as a result. Therefore, the main advan¬ 
tage of the Janata type over the KVIC design was the 
reduced cost for construction. By 1980, approximately 
90,000 low-tech rural biogas units had been installed 
in India of which only a small number were of the 
Janata type. 

The Government of India launched in the years 
1981/1982 an extension and development program 
called National Programme for Biogas Development 
(NPBD). The Ministry of Agriculture was only to 
implement the program. NPBD still exists and the 
goal, as it is presented today, is: .. .providing clean and 
cheap source of energy in rural areas, producing enriched 
organic manure for supplementing the use of chemical 
fertilizers, improving sanitation and hygiene and remov¬ 
ing drudgery of women (MNES 1996). 

In 1984, the NGO Action for Food Production 
(AFPRO) introduced their new biogas design called 
Deenbandhu biogas plant meaning “friend of the 
poor” in Hindi. This design was approved for inclusion 
in the NPBD in July 1986. The Deenbandhu design was 
claimed to further cut the cost of biogas installations. 
Actually it was not a really new design, but rather a 
further development of the Janata type. The cost reduc¬ 
tion was due to the use of some standardized pipes and 
a different construction technique. The design soon 
became the most popular design within the NPBD. 

In 1996, there were a total of seven biogas plant 
designs approved by the Ministry of Non-conventional 
Energy Sources (MNES). Besides the Khadi and Village 
Industries Commission (KVIC), Janata, and 
Deenbandhu, there were the Pragrati design, KVIC 
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design with reinforced plastic dome (composite), KVIC 
design with ferro-cement dome, and the FLEXI-design 
(rubber based). 

Since 2002, national dissemination speed achieved 
about 1.2 million biogas plants per year, rising from 
100,000 units yearly before. Today basically one design, 
the Deenbandhu, is disseminated throughout the 
whole country, thus following a “one design fits all” 
approach. 

Nepal Biogas in Nepal can look back on a long, 
eventful history. The Belgian Reverend Saubolle first 
introduced it on an experimental basis in 1955. Subse¬ 
quently, several organizations became involved in 
promoting the technology. His Majesty’s Government 
of Nepal launched the first official biogas program in 
1974. Under this program, the Agricultural Develop¬ 
ment Bank of Nepal offered construction loans to 
potential customers. In 1977, the Government 
established the Biogas and Agricultural Equipment 
Pvt. Ltd. popularly known as Gobar Gas Company 
(GGC). This state-owned entity was in charge of the 
development and promotion of large-scale dissemina¬ 
tion of biogas technology in Nepal. 

Started in the 1980s as a technological research 
project with a limited number of test models, it was 
expanded during the 1990s by the Biogas Support 
Program into a successful market development pro¬ 
gram with the active involvement of the private sector 
and business community. Over the last 20 years, more 
than 200,000 biogas installations have been built and 
the sector now comprises more than 70 local compa¬ 
nies and employs about 11,000 people. 

Pakistan The history of biogas technology in Paki- 
stan started 1974. Around 6,000 mainly small 6 m 
scale digesters have been installed across the country 
till the end of 2006 - against the technical potential of 
about five million digesters based on its suitable climate 
and availability of cattle dung as feedstock. 

The Government of Pakistan started a comprehen¬ 
sive biogas scheme in 1974, and commissioned 4,137 
household biogas units by 1987 throughout the coun¬ 
try. These were metal floating-drum biogas plants with 
a capacity varying from 5 to 15 m biogas productions 
per day. This program was implemented in three 
phases. During the first phase, 100 demonstration 


units were installed under grant by the government. 
During the second phase, the cost of biogas plants was 
shared between the beneficiaries and the government. 
In the third phase, the government withdrew financial 
support for the biogas plants, although technical sup¬ 
port continued to be provided free of cost. Unfortu¬ 
nately, after the withdrawal of the government financial 
support, the project did not progress any further. 

The Pakistan Centre for Renewable Energy Tech¬ 
nologies (PCRET) started the fourth biogas phase in 
early 1997 with the installation of 4,000 household 
plants in several major cities of the country, having 
a digester volume between 5 and 15 m biogas pro¬ 
ductions per day. PCRET disseminated small-scale 
biogas technology and has supported installation of 
around 1,600 biogas plants in 2006. In addition, 
PCRET had plans to install 2,500 plants by 2008 for 
which the Government of Pakistan had approved 
financial support. Three community size biogas plants 
have been installed in rural areas of Islamabad, which 
are meeting domestic fuel needs of 20 houses. 

The NGO Initiative for Rural and Sustainable 
Development (IRSD) has installed around 150 biogas 
plants with support from the United Nations Develop¬ 
ment Programme (UNDP) Small Grants Program. 
Some Regional Support Programs and NGOs have 
also included biogas among their projects: “Koshis” in 
Sialkot, Punjab, helped villagers to build over 200 bio- 
gas plants; “Green Circle Organization” is building 
community-based plants with funding from the Paki¬ 
stan Poverty Alleviation Fund. Most NGOs received 
technical assistance from PCRET in the design of 
their plants. With some exceptions most plants are 
still installed on a pilot basis and have not been pro¬ 
moted commercially to any large scale. During the 
years 2005/2006, the Alternate Energy Development 
Board (AEDB) installed 1,200 family-size biogas plants 
to cover fuel needs of 1,200 households in the rural area 
of the Punjab province. 

Most of the biogas plants installed in recent years 
were smaller household designs with 3-5 m gas pro¬ 
duction per day, compared to the larger plants 
constructed in the 1970s and 1980s. The biogas tech¬ 
nology most commonly used in Pakistan is the float¬ 
ing-drum design. The Chinese fixed-dome design was 
installed on a pilot basis but was reported not to be 
successful. Obviously due to poor construction quality, 
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the Chinese dome design pilot biogas plants showed 
persistent leakage and seepage problems, and therefore, 
the gas pressure was reported to be low. Twelve fixed- 
dome “Nepalese design” biogas plants of Model 
GGC 2047 of 6 m 3 were installed in the “ tehsil ” 
(sub-division) Pasrur of Sialkot District in partnership 
with the Punjab Rural Support Program (PRSP) and 
four plants of the same design were installed in differ- 
ent sizes of 8 m (2 units), 20 m , and 35 m in Dera 
Ismail Khan in partnership with the Foundation for 
Integrated Development Action (FIDA) by the Rural 
Support Program-Network (RSPN) in June of 2007. 
FIDA was reported to have plans to continue supports 
to install biogas plants in its working areas. In 2006 
SNV started to support a new nationwide biogas dis¬ 
semination program for low-tech household biogas 
digester systems. 

During 2002, a more efficient and cheaper 
“Thailand model” of a household biogas plant was 
installed at the Green Circle Organization (GCO) 
working model site to compare efficiency and cost- 
effectiveness of two models, the Thai and the for¬ 
merly applied one. Transfer of the new Thai biogas 
technology and dissemination of information 
started in the Village Shirin Muaafe, tehsil Depalpur 
of Okara District. The results are that due to the proper 
dissemination of information, GCO have facilitated the 
farmers to install 80 biogas plants in the vicinity of the 
project area. 

A governmental supported project on White Revo¬ 
lution “Dhoodh Darya” started in 2009 with 10 com¬ 
ponents with main thrust on development of milk 
pockets and establishment of milk pasteurization 
plants, infrastructure development of military dairy 
farms, bulk vending of milk, training and extension of 
Pakistan Dairy Development Company’s (PDDC) 
breeding program, and promotion of biogas units. It 
has already developed 48 community farms, trained 
a large number of farmers, and installed 825 medium¬ 
sized biogas units. The work started in the year 2009 for 
the establishment of community farms, biogas plants, 
large and small pasteurization plants, and bulk vending 
units, and training of master trainers will be continued 
up to the end of 2011. 

Philippines Dr. Felix C. Maramba, an agricultural 
engineer by profession of the then Araneta University 


Foundation, introduced biogas technology in 1965. 
The today De La Salle Araneta University (DLSAU) 
was formerly known as the Gregorio Araneta Univer¬ 
sity Foundation, which was established in 1946 as the 
Araneta Institute of Agriculture. The university special¬ 
izes in Veterinary Medicine and Agricultural Sciences. 
He is the founder of the Maya Farm Biogas Model. In 
the early 1970s, the Maya Farm, a commercial piggery 
farm located 40 km east of Manila, has been the pioneer 
in the development of biogas technology. In order to 
obtain the necessary experience and to assess the suit¬ 
ability of different types of plants, demonstration 
models of Indian, Chinese, and European types were 
set up. The models were later modified and used as 
pilot plants. Biogas produced at the farm supplies 40% 
of the total power requirement of the farm and is used 
for home applications, cooking vats in the canning 
plant, fuelling of burners for heating and gasoline 
engines, running a feed mill, operating a 60 kVA electric 
generator and running farm vehicles. The organiza¬ 
tions engaged in extension of biogas technology are 
the National Housing Authority, the Engineering Bat¬ 
talion of the Military, and the Department of Commu¬ 
nity Development. The Development Bank of the 
Philippine granted loans to farmers at low interest 
rates for the biogas project. 

The Philippine NGO Rural Life Centre (PRLC) 
promoted a culvert-type biogas system in the early 
1980s. The PRLC trains people from the government 
as well as from the private sector in the field of animal 
production and biogas technology. Many units of the 
model were copied and installed in selected villages but 
the continuity ceased because the PRLC project was 
terminated in the late 1980s. 

The Philippine National Biogas Technology Exten¬ 
sion Program in Key Livestock Areas was established in 
1996 in cooperation with the Department of Energy 
and the Department of Agriculture where Cavite State 
University was designated as the National Biogas 
Centre. Since then, a number of local, regional, and 
national seminars, trainings, and workshops were 
conducted to promote the technology. Participants 
came from various sectors of the society: private indi¬ 
viduals, companies, NGOs, agro-industry, and govern¬ 
ment agencies. 

The Philippine Agricultural Engineering Standard 
PAES 413:2001 about Agricultural Structures-Biogas 
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Plant was initiated by the Agricultural Machinery Test¬ 
ing and Evaluation Centre (AMTEC) under the project 
entitled “Enhancing the Implementation of Improved 
Agricultural Engineering Standards” which was funded 
by the Bureau of Agricultural Research (BAR) of the 
Department of Agriculture (DA). 

Thailand Thailand was introduced to the biogas 
technology in 1950 by Kasetsart University (KU), 
which continues to be a cooperating agency even 
today. In 1960, due to poor hygiene and the need to 
improve health conditions in rural areas, the Depart¬ 
ment of Health (DoH) within the Ministry of Health 
(Sanitation Division) became involved, promoting 
biogas tanks as a sanitation technology. 

The need to conserve energy dominated during the 
first and second oil crises between 1970 and 1980. It was 
then that the National Energy Administration (NEA) 
and the Department of Agricultural Extension (DoAE) 
started to introduce biogas programs for rural energy 
on small farms. By 1988, about 5,500 biogas plants were 
constructed, those being mainly 4 and 6 m . In order to 
overcome the numerous technical and managerial 
uncertainties, an improved Biogas Programme in Thai¬ 
land was implemented in September 1988. Responsi¬ 
bilities for carrying out its activities were with the 
Chiang Mai University (CMU) and with the Depart¬ 
ment of Agricultural Extension (DoAE) within 
the Ministry of Agriculture and Cooperatives. The 
German Development cooperation supported the pro¬ 
gram from September 1988 until December 1994 
(Thai-German Biogas Programme). Several systems of 
all sizes have been constructed in the northern and 
western regions of Thailand, partly supported through 
loans from the Bank of Agriculture and Agricultural 
Cooperatives (BAAC) in Thailand. 

Biogas Advisory Unit (BAU) at Chiang Mai Univer¬ 
sity, with a grant supported by the government under 
The National Energy Policy Office (NEPO), launched 
the National Biogas Dissemination Program for the 
medium and large-scale livestock farms in October 
1995. A target of 50,000 m biogas system within 6 
years, starting from 3,000 and 7,000 m in the first 
and the second year, with another 10,000 m annually 
in the following years, is the goal of the program. The 
program concept consists of two major parts: (1) the 
dissemination of small household biogas digesters 


(8, 12, 16, 30, and 50 m volume) under the responsi¬ 
bility of the Department of Agricultural Extension 
(DoAE) within the Ministry of Agriculture and Coop¬ 
eratives and (2) applied research and development at 
CMU, including the provision of consultancy services 
for anaerobic wastewater treatment to specialized pig 
farms. 

From 1995 until 2000, 70,000 m 3 volumes of 
digesters had been built with support through the 
Energy Conservation Fund under the National Energy 
Policy Office (NEPO) in Thailand. The Energy Conser¬ 
vation Fund (through the Renewable Energy 
Programme) aims to provide financial incentives, as 
well as awareness campaigns, in order to promote the 
generation of methane gas from agricultural wastes. 
Only a few provinces with a high potential for biogas 
utilization (i.e., high concentration of suitable animal 
farms) will be selected for this program. Since 2001 the 
implementation was fully transferred to the responsi¬ 
bility of private contractors, as a regular business 
sphere in the field of environment protection (“com¬ 
mercialization” of the technology). 

Vietnam Biogas technology has been introduced and 
developed in Vietnam since 1960. The history of biogas 
technology began in the South; the Department of 
Animal Husbandry conducted research on collecting 
methane gas from animal manure. 

In the northern part of the country, biogas technol¬ 
ogy was introduced in 1964, when the Ministry of 
Industry started the first “Methane power station” in 
Bac Thai province. Between 1965 and 1975, Ha Noi, Ha 
Nam Ninh, and Hai Hung provinces also built biogas 
plants. These plants stopped functioning after a short 
time due to a lack of access to technology and manage¬ 
ment experience. 

After the country’s reunification in 1975, it was one 
of the top priorities of the state research program on 
new and renewable energy until 1990. Within the 
framework of this program, there were many research 
projects focusing on biogas technology. The institu¬ 
tions participating in the program were the Institute 
of Energy, Technology University of Hanoi, Technology 
University of Ho Chi Minh city, Technology University 
of Da Nang, Can Tho University, and provincial 
departments of Science, Technology and Environment. 
In 1976, the Vietnam Institute of Energy began 
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researching “Fermentation for methane gas produc¬ 
tion” From 1981 to 1990, there was renewed interest 
in biogas technology with the introduction of the 
National Research Program on New Energy Sources 
within the Institute of Electricity Science and Technol¬ 
ogy and international support from the Soviet Union, 
OXFAM UK, UNICEF, Sweden, and others. Institutes, 
research centers, colleges, army units, and individuals 
collaborated on biogas projects. 

By 1990, about 2,000 small biogas units had been 
build in Vietnam with size ranging from 3 to 10 m . 
Some of the most common types of biogas plants used 
in Vietnam include floating gas holding units, biogas 
units with plastic bags; fixed-dome brick biogas plants 
some with composite cover, spherical form digesters, 
Energy Institute type NL.6 digesters, and household 
models KT1, KT2, and KT2B. In general, while all 
biogas technologies have advantages and disadvan¬ 
tages, biogas is the most suitable technology for live¬ 
stock waste treatment. The first national workshop on 
biogas was organized within the frame of the National 
Program on New Energy Source. This workshop helped 
build momentum to advance research and develop¬ 
ment of methane gas and biogas technology in 
Vietnam. From 1991 to 2001, biogas technology devel¬ 
oped rapidly with continued support from the 
Vietnamese government and international partners. 

Since 1992, within the framework of the projects of 
the Ministry of Agriculture and Rural Development of 
Vietnam (MARD), polyethylene plastic bag digesters 
have been developed. Owing to low cost and simplicity 
of installation, this technology has been rapidly 
adopted and disseminated by the network of Agricul¬ 
tural and Forestry Extension, Association of Vietnam 
Gardeners (VACVINA), and some local private actors. 
It is estimated that up to one million of such simple 
very low-tech plastic bag digesters may exist today. 

By the end of the 1990s, the Centre for Rural Com¬ 
munities Research and Development (CCRD) further 
developed the original model and has successfully 
designed and introduced a new advanced bio gas 
model, named “Hybrid Technology Bio-digester with 
Automatic Scum Control” or VACVINA Bio-digester, 
in order to help farmers to apply biogas technology, 
generate biogas for cooking, reduce workload for 
women, actively treat waste from livestock, protect the 
environment, and reduce pressure on forests. In 2000, 


the Toyota Foundation provided support to enhance 
capacity building ofVACVINAs staff and to disseminate 
the VACVINA biogas model nationwide. More than 300 
technicians had been trained on all necessary skills on 
building VACVINA bio-digesters and more than 750 
biogas demonstration models have been built in the 61 
provinces of the country. In conjunction with CCRD, 
from 2006 to 2009, ETC Foundation (Netherlands) and 
Research Centre for Energy and Environment (RCEE) 
started a development strategy for Enabling Access to 
Sustainable Energy, including the VACVINA biogas 
model in a market orientation approach in Thanh Hoa 
province. In 2011, there are more than 11,000 VACVINA 
biogas plants constructed by farmers themselves with 
technical assistance of trained technicians. MARD in 
Decision Nr.4414/QDD-BNN-KHCN of October 18, 
2002 recognized this initiative and allowed its applica¬ 
tion nationwide. 

Also in 2002, MARD issued standards for small- 
scale biogas systems (10TCN 492-^499-2002 and 
10TCN 97^-102-2006). In 2003, the “Support Project 
to the Biogas Program for the Animal Husbandry Sec¬ 
tor in Some Provinces of Vietnam” has been initiated. 
The goal of this project was to develop a commercially 
viable and market-oriented biogas industry and con¬ 
tribute to avoiding the use of fossil fuels and biomass 
resource depletion. The Department of Livestock Pro¬ 
duction, MARD, and the Netherlands Development 
Organisation (SNV) are the primary implementing 
agencies for the project. By the end of 2008, the pro¬ 
gram provided training for 500 provincial and district 
technicians, 700 biogas mason teams, and organized 
thousands of promotion workshops and trainings for 
biogas users. By the end of 2009, the project has 
supported construction of over 78,480 biogas plants 
and received recognition for its efforts by winning the 
Ashden Energy Award. The project aims to develop 
around 167,000 low-tech biogas projects in 63 prov¬ 
inces throughout Vietnam by end 2012. 

Under the World Bank funded and MARD 
implemented Livestock Competitiveness and Food 
Safety Project (LIFSAP) there is also a small household 
biogas component, running from 2010 to 2014. 
The project supports up to 12 provinces which will 
meet the eligible criteria established by MARD, 
including: (1) the density of livestock farms and live¬ 
stock populations, (2) livestock market share, (3) the 
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availability of livestock support infrastructure, and 
(4) a viable policy to support the development of 
livestock production. The total grant amount per bio¬ 
gas plant is US$ 200 to support both the construction 
of the biogas plant and for additional bio-security 
measures. Without taking into account program costs 
the funding will be enough to support the construction 
of a maximum of 20,600 biogas plants. 

In addition, the Asian Development Bank loan 
financed “Quality and Safety Enhancement of Agricul¬ 
tural Products and Biogas Development Project” 
(QSEAP) commenced in 2010 and will end in June 
2015 and covers 16 provinces in the country. The pro¬ 
ject’s purpose is to build 40,000 biogas plants with the 
provision of subsidy to at least 20,000 households, and 
credit to households and farms raising animals. Up to 
now, the project team received initial results: training 
276 technicians, 359 skill masons, and constructing 
6,953 biogas plants of small scale of model KT1 and 
KT2 in 16 provinces. 

Parallel to the agricultural-dominated biogas activ¬ 
ities, the National Rural Clean Water Supply and Envi¬ 
ronmental Sanitation Program is targeting to promote 
the construction of 1,000,000 household biogas- 
sanitation plants or at least toilet connection to existing 
agricultural biogas plants in the period 2000-2020. 

Africa 

The first aid-driven approach for biogas extension in 
Africa dates back to the early 1970s, when politicians 
and decision makers from different African countries 
visited India and were fascinated by the biogas tech¬ 
nology. The Indian Government, and later also the 
Chinese Government, showcased their specific biogas 
technologies in different African countries in such 
a way that a foreign expert team built a few institutional 
biogas digesters and trained numerous people in design 
and construction only. As no funds have been made 
available for long-term commitment and dissemina¬ 
tion programs, these approaches led to failures in oper¬ 
ation, management, and even construction copies, 
which are scattered all over the continent, particularly 
in agricultural institutions. At this time, the main 
actors in potential biogas dissemination programs 
were identified in the governmental agricultural or 
energy research institutions of the respective countries. 


But a deeper rooted operational and managerial know¬ 
how or commitment could not be developed or 
conserved. 

In the late 1970s, triggered by Ernst Friedrich 
Schumacher’s (1911-1977) “Small is Beautiful” (first 
published in 1973) appropriate, simple technologies 
entered the arena of development work in the South. 
Not northern high-tech, but innovative, affordable, 
simple, and traditional technologies were believed to 
be the remedy for the development and technology gap 
between industrialized and developing countries. This 
resulted in a cross-sectorial scheme of many develop¬ 
ment cooperation institutions accompanying and 
supporting the development and dissemination of bio¬ 
gas technology in Latin America, Asia, and Africa. 
Industrialized countries neither had sufficient experi¬ 
ence nor appropriate technologies to build on in devel¬ 
oping countries. Rather, this experience was identified 
in India and China and became an issue for a South- 
North-South transfer. 

In 1980, the German Federal Ministry for Eco¬ 
nomic Cooperation (BMZ) instituted a “Biogas Exten¬ 
sion Programme” (1980-1993) as part of the German 
development aid. It was prompted by the realization, 
and by analyzing the results of the first German devel¬ 
opment supported biogas projects in Cameroon in 
1978, and short-term consulting work done between 
1977 and 1980 in India and China, that biogas exten¬ 
sion requires an integrated approach. After under¬ 
standing the reasons for the failures in the past, it was 
realized that compromises in technology quality could 
not be accepted. Only proven designs with good build¬ 
ing material were used. Piping was changed to galva¬ 
nized steel or HDPE pipes only, instead of garden hoses 
and gate valves, which both leak after a short time. 

Prepared in October 2005 in Beijing as a Chinese- 
Netherland-German effort, and based on the success in 
some Asian countries, in May 2007, representatives 
from 27 African countries met in Nairobi, Kenya, to 
formally launch the “Biogas for Better Life Initiative.” 
Since then, a number of country biogas program pre¬ 
feasibility and feasibility studies have been completed 
by the Netherlands Development Organization (SNV) 
and the German International Cooperation (GIZ), and 
programs are already being launched in Rwanda, 
Uganda, Burkina Faso, Senegal, South Africa and 
Ethiopia. The group discussed important aspects of 
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developing and implementing national biogas pro¬ 
grams including sanitation, gender integration, tech¬ 
nology, costs, program structure and management, 
financing and subsidy structure, carbon financing, 
and marketing and communications. 

A Foundation “Biogas for Better Life: An African 
Initiative” has been established on February 28, 2008, 
in the Netherlands to provide this initiative with a legal 
basis. This allows the initiative to sign agreements with 
sponsors to support the initiative financially; to enter 
into agreements for the implementation of national 
biogas programs, such as the one for Rwanda; to sup¬ 
port research and development and knowledge man¬ 
agement in biogas; and support all the components of 
the Initiative Business Plan 2006 till 2020. Until 
recently, this was done on an individual and ad-hoc 
basis with individual sponsors such as Shell Founda¬ 
tion, International Humanist Institute for Cooperation 
with Developing Countries (HIVOS), German Inter¬ 
national Cooperation (GIZ), the Netherlands Develop¬ 
ment Organization (SNV), Dutch Ministry of Foreign 
Affairs (DGIS), Practical Action, German Bank for 
Reconstruction and Development (KfW), and many 
others. 

Today, “Biogas for Better Life” is an African initia¬ 
tive that aims to improve the health and living condi¬ 
tions of men, women and children; to reduce the use of 
firewood and charcoal for cooking; to improve soil 
fertility and agricultural production; to reduce green¬ 
house gas emissions; and to create new jobs through 
the development of a robust biogas-related business 
sector throughout the African continent. 

The initiative will identify “pockets of opportunity,” 
and initially focus on programs in African countries 
with the strongest market potential. The initiative aims 
to install two million household-level biogas plants in 
10 years. The ultimate objective is to develop 
a sustainable, commercial biogas sector, which will in 
turn improve the lives and livelihoods of families in 
Africa. The initiative will foster partnerships and 
knowledge exchange, provide leadership and experi¬ 
ence to developing and implementing national 
programs, stimulate further technology and market- 
based research, and help identify and develop financial 
resources for the biogas programs. Further extension is 
planned soon to Kenya, Mali, Zambia, Niger, Ghana, 
Malawi, Lesotho - where biogas technology is already 


successfully disseminated since 2003, namely, 
Swaziland, Sudan, and the West African countries. 

Algeria French researchers in North Africa, between 
the years 1940 and 1951, are reported to have made 
extensive efforts to develop so-called dry-fermentation 
methane digesters based on straw and manure. There is 
ample literature on their work in French journals. 
G. Ducellier and M. Isman developed the design and 
prototypes in the then French North Africa already as 
early as 1937. The technique of Ducellier and Isman, at 
the Institute of Agriculture in Algeria, was the first 
ever batch-fermentation system with pre-aerating 
(pre-composting) of the waste mass (straw-manure- 
organic waste) for 20 hours in order to raise the tem¬ 
perature to 70-80° C. The wastes were then flooded 
with water and liquid manure, and the anaerobic pro¬ 
cess commenced. A floating gasholder covered the tank 
and straw had been packed to a thickness of 40 cm out 
around the walls to serve as insulation. In unmixed 
tanks of several 10 of m of size the biogas production 
was 70-90 m /t wastes capacity, averaging 0.4 m per 
tank volumes/day for the duration of the fermentation. 

Burundi The first national biogas program, started 
in 1984, was supported by German Development 
Cooperation (GIZ) and established in cooperation 
with a Belgium research project and a Chinese training 
program for biogas constructors, using livestock 
manure, toilet wastewater, and human excreta as feed¬ 
stock. A countrywide biogas school sanitation project 
with World Bank support was carried out from 1985 to 
1989 led by the Ministry for Energy and Mining. 
Several projects were initiated by the GIZ Biogas 
Dissemination Programme, which started in 1984 in 
the eastern region of Cankuzo. In 1988, this project was 
integrated into the “Special Energy Programme” and 
was stopped due to civil war in 1992. 

After first experiences with family-sized biogas 
plants, the project team started in 1987 to build 
medium-scale biogas-sanitation systems (100-250 m ) 
to treat human excreta and gray water of boarding 
schools. Private contractors were responsible for the 
plants. The training of craftsmen, the establishment of 
a service system, and the setup of material credit funds 
were to provide the basis for a self-reliant dissemina¬ 
tion concept. By 1992, 206 small-scale biogas plants, 
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and 84 institutional medium-scale biogas-sanitation 
plants (tunnel and fixed-dome plants) had been 
constructed. Six out of ten households examined 
under the Biogas Survey in 1992 used liquid slurry as 
fertilizer. Learning from Burundi, biogas units were 
also constructed in Bukavu/Congo. 

Ethiopia Biogas technology was introduced to 
Ethiopia in 1977 through the German NGO Bremen 
Overseas Research and Development Association 
(BORDA) with German development cooperation 
support. In the years 1986 to 1988 in 21 counties 
(Woredas) west of the Amhara State, Indian design 
floating-drum plants with a volume of up to 8 m 
have been financed and built by the Rural Technology 
Promotion Centre Bahir Dar. In a bilateral project, 
German development cooperation supported the con¬ 
struction of 120 biogas plants between 1999 and 2002 
by informal private firms and the local NGOs. 

Since 2008, the Netherlands Development Organi¬ 
sation (SNV) supported a pilot phase of a National 
Biogas Program Ethiopia (NBPE) aiming to build 
within 5 years up to 14,000 low-tech fixed-dome biogas 
plants in four regional states. It is expected to develop 
a private and competition-based biogas industry. The 
NBPE promotes only plants of 4, 6, 8, or 10 m, thus 
limiting subsidies to farms with a maximum of 100-kg 
manure per day, corresponding to approximately 
20 local cattle. 

Kenya First attempts to use biogas technology to 
obtain energy from coffee pulp go back to the mid- 
1950s. In the following 25 years, the private entrepre¬ 
neur Hutchinson sold more than 100 plants of various 
types mainly to large-scale farmers. In 1983/1984, 
Germany supported the training of craftsmen in the 
construction of biogas plants; as a result, 40 biogas 
plants were built in the Meru region. Until 1988, exten¬ 
sion of dissemination efforts into other regions led to 
about 250 floating-drum plants in various regions, 
mainly for energy supply. Following the philosophy 
that an extensive project apparatus with a solid finan¬ 
cial background has time limitations, emphasis was 
placed from the very beginning on private entrepre¬ 
neurs for the construction of the plants and the provi¬ 
sion of biogas accessories. Only demonstration plants 
in new project areas were subsidized by the project; in 


other cases, biogas customer pays the market price for 
his plant. 

From 2006 until June 2011 with funding from the 
European Union dissemination measures for resource- 
friendly technologies succeeded in the installation of 
more than 200 low-tech biogas plants. Since 2003, and 
jointly coordinated in one program, Germany and the 
Netherlands are supporting the integrated biogas 
development in the agricultural sector. A national 
biogas technology standard is under preparation 
since 2011. 

Lesotho Since 2003, after Food and Agriculture 
Organization of the United Nations (FAO) and China 
supported pilot experiences during the 1980s, 
a digester design that has undergone various adapta¬ 
tions in African countries under the umbrella of the 
German Development Cooperation (GIZ) has been 
implemented in Lesotho by a newly launched NGO, 
Technologies for Economic Development (TED). Since 
then, it is widely proven that biogas technology can 
work successfully in the Mountain Kingdom. 

TED was created as a successor of the Lesotho Biogas 
Technicians Self Help Group. With the TED design, 
incorporating household wastewater into the feeding 
material for anaerobic digestion, a solution for the 
most pressing problems especially for urban households 
was identified: lack of water for irrigation, expenses for 
construction, and maintenance of septic tanks. 

In cooperation with TED, more than 300 digesters 
of varying sizes were built and most of them are still in 
operation. The TED bio-digester works well on house¬ 
hold, institutional and settlement level as well as for an 
industrial abattoir with its special feedstock. Today, 
biogas in Lesotho is a technological package where 
wastewater and other organic matter are treated in 
a bio-digester producing gas as an energy source and 
water is further purified as fertilizer or sludge as soil 
conditioner or fertilizer. The technology follows the 
concept of DEWATS (Decentralised Wastewater Treat¬ 
ment Systems) as developed by BORDA (Bremen Over¬ 
seas Research and Development Association), however, 
with special focus on energy generation that substitutes 
up to 20% of a household’s cooking fuel demand. 
The system is found appropriate not only for the 
capital Maseru and the district towns as many house¬ 
holds and institutions have serious problems, and high 
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cost burden with the disposal of their sewage; the TED 
system does not cater only for water-borne sanitation 
but also for dry systems. Peri-urban farms start 
nowadays to be interested in the system, too. TED 
provides 12 months after-sales service free of charge, 
a paid life-long after-sales service, and trains owners on 
how to care for the system. Currently, about 25 units 
are constructed per year, totally financed by the 
individual clients. 

Morocco The dissemination of biogas technology 
focused on the Souss-Massa region. Initially three 
fixed-dome plants were rehabilitated, and three 12 m 
plants, five 20 m plants, and two 85 m plants were 
constructed with the main purpose of electricity gen¬ 
eration. By 1998, 80 digesters have been installed 
(10-100 m 3 ) with a total volume of 2,000 m 3 . 

In 1995, a biogas plant was constructed at the 
wastewater treatment plant in Ben Sergao to use sewage 
sludge for biogas production. Since 2008, German 
Development Cooperation (GIZ) started to support 
low-tech biogas installations for wastewater and 
manure treatment. 

Tanzania The history of biogas dissemination in Tan¬ 
zania dates back to 1975 when the Small Industries 
Development Organisation (SIDO) built 120 floating- 
drum biogas installations up to 1984. In 1982, the 
newly created Centre for Agricultural Mechanization 
and Rural Technology (CAMARTEC) took over the 
promotion of biogas in the Arusha area. In 1983, 
German Development Cooperation (GIZ) introduced 
a biogas extension service and disseminated biogas 
plants mainly in this region where favorable agricul¬ 
tural and socioeconomic conditions let expect a high 
dissemination for biogas plants. The project worked 
with a standardized plant design, clearly defined 
administrative procedures, and offered a warranty of 
2 years and technical advice to the users in the villages. 
In 1984/1985, household biogas plants were offered 
with digester volumes of 8, 12, and 16 m , and in 
1990, the program included standardized plants of 12, 

Q 

16, 30, and 50 m for households and institutions as 
well as a special “toilet biogas plant” for institutions. 

Request which could not be covered by the stan¬ 
dardized range of plants and services and which 
required additional research and development work 


had to be financed completely by the customer. The 
program introduced the biogas unit concept defining 
the unit as (1) an appropriate stable with solid floor, 
(2) a pressure tested piping system, (3) gas use appli¬ 
ances, and (4) a slurry utilization system adequate to 
the individual farm. The costs for a biogas unit 
increased from around TSh 300,000 in 1989 to TSh 
400,000 to 7,000,000 in the beginning of the 1990s. 
Despite this, the number of units constructed until 
1992 increased to about 400. Between 1990 and 1993 
CAMARTEC conducted four international training 
courses with national and international participants 
and trainers, leading to the popularization of the 
CAMARTEC design in Ethiopia, Kenya, Uganda, and 
Thailand. 

The dissemination strategy and project structures 
underwent decisive changes around 1990 as a result of 
transfer of the project to the counterpart organization. 
German experts also studied large-scale application of 
industrial biogas units for sisal industry; the first unit 
in Tanzania was constructed in 2007 by a Chinese- 
German consortium supported by the United Nation 
Industrial Development Organization. Since 2008 
Tanzania established a nationwide new biogas dissem¬ 
ination program with SNV support. 

Tunisia Biogas was introduced in the Sejenane region 
in 1982 as an 11 m floating-drum plant. In 1986, the 
first fixed-dome plant (6 m) was built. With German 
Development Cooperation (GIZ) support, in 1989, 
non-functioning plants in the region were rehabilitated 
and 10 new plants built. The first technicians received 
training in Burundi and Germany. A biogas laboratory 
was installed at the Technical University Tunis in the 
framework of German Development Cooperation 
(GIZ). The activities focused on the modification of 
the technical aspects (mainly gas appliances), training 
measures, and slurry experiments under local condi¬ 
tions. Between 1990 and 1992, 16 more biogas plants 
were constructed. The first solar-heated low-tech fixed 
dome digester was reported to be operated by the 
Technical University Tunis. Then China took over the 
activities, supporting Tunisia until 2003 with the train¬ 
ing of biogas technicians and supporting some more 
biogas plant construction. Since 2011, World Bank is 
strongly supporting the new biogas development for 
large dairy farms in Tunisia. 



Biogas Production, Developing Countries 


239 


Rwanda In Rwanda, bio gas technology is quickly 
catching up through the efforts of Kigali Institute of 
Science Technology and Management (KIST), where 
several former counterparts of the Germany supported 
Project in Tanzania (with CAMARTEC) are working. 
KIST has designed and built a 150 m fixed-dome 
digester in Cyangugu prison that is fed with waste 
generated by 1,500 prisoners. This digester produces 
methane gas that caters for 50% of the cooking needs 
for the 6,000 inmates. KIST has also solved the sewer¬ 
age and hygiene problem at the school “Lysee de Kigali” 
by providing a 25 m fixed-dome digester connected to 
six bio-latrines. The biogas produced is used as cooking 
fuel for 400 students and for operating Bunsen burners 
in the school laboratories. KIST was also supported for 
many years by Chinese experts to introduce biogas 
digester design-based decentralized wastewater treat¬ 
ment systems (DEWATS). Since 2007, Rwanda 
established a SNV-supported National Biogas Program 
with the target of 14,000 plants in 5 years. China is once 
more engaged in the Rwandan biogas sector since 2009, 
and has promoted since then at least 100 prefabricated 
composite biogas plants, which had been delivered 
from China. 

Central and South America 

In Central and South America, biogas plays a role 
within the renewable energy sector, too, although 
many countries are still missing in the list of advanced 
renewable energy technologies and dissemination. 

Belize The first project in biogas technology started 
in 1988. It evolved from a Caribbean biogas dissemi¬ 
nation program carried out by the Caribbean Develop¬ 
ment Bank. German and local biogas consultants and 
biogas technicians have been active in the region 
constructing three floating-drum plants following the 
BORDA model within the Caribbean Technology Con¬ 
sultancy Services (CTCS). As neither the market forces 
could take up biogas technology nor could indepen¬ 
dent dissemination structures grow, the program con¬ 
tinued in 1989 along the lines of experience gained 
during biogas activities in the Caribbean and Nicara¬ 
gua - to anchor biogas-specific, national know-how in 
a local and regional dissemination structure. With this 
background experience and the financial, personnel, 


and material support of the Caribbean Biogas Dissem¬ 
ination Program, a German integrated expert under 
local project contract and a Belizean expert have been 
employed to build up such a structure in cooperation 
with the state Central Farm and to demonstrate the 
high performance and efficiency of biogas technology. 
In 1991 the CAMARTEC model from Tanzania was 
introduced. In comparison to the high input of mate¬ 
rial and work in plants used previously (reinforced steel 
vault and fundament), a cost reduction of approxi¬ 
mately 15-20% was achieved. Since 1993, at least 
20 plants have been built (of these, five are constructed 
at institutions, 13 at household, and two are medium¬ 
sized farm biogas plants). The target group for the 
household biogas plants so far consisted of farmers 
involved in commercial pig production. Low-tech 
household biogas system users in Belize mostly own 
5-40 pigs. 

Nowadays, with support of the European Commu¬ 
nity and through the partnership with the Ministry of 
Agriculture and Fisheries (MAF), the Inter-American 
Institute for Cooperation on Agriculture (IICA) and 
the Belize Audubon Society (BAS), small- and 
medium-sized farms are benefitting from biogas instal¬ 
lations as a low-cost alternative and renewable energy 
source. 

The first phase of biogas digester implementation 
was initiated by a “training the trainer” course 
conducted by the EARTH University in Costa Rica. 
This training received a follow-up by means of the 
installation of biogas digesters at Central Farm and Yo 
Creek Agricultural Stations, San Antonio and San Mar¬ 
cos in the Cayo district, Maskall and Crooked Tree in 
the Belize district, and San Antonio in the Orange Walk 
district. The promoted low-tech biogas digester (called 
“the worm”) is a tubular structure made of polyethyl¬ 
ene plastic which is placed in a pre-dug pit. The system 
serves for anaerobic fermentation of organic materials 
such as manure from pigs, cattle, sheep, and other 
organic wastes, thus reducing the risk of pollutants 
and contaminants in the environment. Farmers under¬ 
stand the opportunity to obtain alternative fuel and 
organic fertilizers, reducing the need for chemical fer¬ 
tilizers and significantly reducing the cost of 
production. 

The construction of this type of biogas digester is 
quite simple; it is made of a tubular plastic bag and 



240 


Biogas Production, Developing Countries 


other basic parts could be found in local hardware and 
mechanic shops. These basic parts include a few feet of 
PVC pipes, a few elbows and connections, used bicycle 
tubes and recycled buckets. 

Bolivia In 1986, the GIZ started as project in coop¬ 
eration with the Universidad Mayor de San Simon 
(UMSS) in Cochabamba to disseminate biogas tech¬ 
nology. Until 1989 these activities were part of the 
supra-regional GIZ Biogas Dissemination Programme. 
From January 1990 to the end of 1992, the biogas 
activities were continued as a component of the Bolivia 
Special Energy Program. By consolidating biogas tech¬ 
nology into the Cochabamba Department and into the 
general background of national energy and landscape 
planning by means of the National Biogas Network, the 
aim was to integrate “biogas technology into the agri¬ 
cultural production process” so that the “destruction of 
agricultural ecosystems” could be curbed and “energy 
and organic fertilizer” could be produced in 
a decentralized manner. A total of 27 plants, nine of 
them in the Cochabamba area, have been constructed 
by different organizations already before the German 
support started. 

In 1988, the German Development Cooperation 
(GIZ) purpose was defined as “the creation of funda¬ 
ments on which Bolivian institutions will be enabled to 
disseminate biogas technology extensively through 
training and construction of demonstration plants.” 
Loans, training, and the improvement of project man¬ 
agement were to allow a high-performance dissemina¬ 
tion structure. Emphasis was given to the integration of 
the technology into local, regional, and national socio¬ 
economic structures and on the dissemination of “Inte¬ 
grated Farming Systems.” The biogas plants were 
mainly understood as “fertilizer-producing plants” 
making a significant contribution to the strengthening 
of intensive animal husbandry and agricultural 
production. 

After constructing the first four solar-heated biogas 
plants in the 1980s in the Bolivian highlands at 4,000 m 
altitude, the project regions of higher altitude were 
declared unsuitable for low cost, but not for low-tech 
biogas plant dissemination. Therefore the biogas office 
concentrated more and more on the migration regions 
in the tropics with an inferior infrastructure. In these 
regions about 35 plants were built between 1989 and 


1992. A survey carried out by the biogas office has 
identified potential, particularly in the area of Santa 
Cruz de la Sierra, in the field of industrial and commu¬ 
nal sanitation. After having built a UASB (up-flow 
anaerobic sludge blanket) digester at the Palmasola 
prison, knowledge about anaerobic wastewater treat¬ 
ment technology was established in local NGOs, 
supported by integrated experts from Germany. 

As Bolivian NGOs continued with successful biogas 
extension of 250 PVC-plastic plants from 2002 to 2005 
in high altitudes, in a second attempt by German and 
Netherland development support, a new program was 
launched in September 2005 with the goal to supply 
575,000 people, corresponding to 6% of the Bolivian 
population, with modern renewable energy. Donors 
like the World Bank, International Fund for Agricul¬ 
tural Development (IFAD), and the Inter-American 
Development Bank (IADB) evinced interest to partic¬ 
ipate in this program. With the approach of process 
consulting and human presence on the ground, the 
German Development Cooperation (GIZ) took an 
important role as adviser of the national biogas 
program. 

Since 2007 about 250 low-tech and low-cost PVC- 
plastic bag sausage-shaped biogas plants of 8 m have 
been disseminated in Alti-Plano villages at 4,000 m and 
in the temperate area of Cochabamba. Packed in earth 
wall bricks and covered with straw roofs for insulation, 
they produce enough biogas to provide cooking fuel for 
4-5 hours per day. This design receives attention also in 
the tropical areas and is now promoted as low-tech and 
low-cost biogas plant. 

Columbia In May 1985, the Special Energy Program 
Columbia located in Barranquilla started. The project 
concept focused on “investigation of the possibilities of 
producing and using biogas” in Valle de Cauca. 
Corporacion Autonoma Regional del Cauca (CVC) 
was the executing organization. A German long-term 
expert has been integrated into the project from 
November 1985 to 1992. During the first project 
phase, the central problem was the pollution of water 
resources, which should be reduced by the dissemina¬ 
tion of biogas technology. Project activities were char¬ 
acterized by research and development; investigations 
were carried out on the use of slurry generated in 
biogas plants. In 1989 the project goal switched to 
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a clear contribution to the improvement of the rural 
energy situation and the conservation of water 
resources by the use of biogas plants. This phase was 
then characterized by rehabilitation of non¬ 
functioning biogas plants and the setup of a dissemi¬ 
nation structure. The construction of demonstration 
plants on selected farms aimed at introducing biogas 
technology in the rural region. Further involvement in 
the agro-industrial sector was suspended due to the 
sector’s complexity although initial investigations on 
anaerobic digestion of agro-industrial wastewater had 
been carried out. Between 1985 and 1992, a total of 
25 biogas plants were built, including a floating-drum 
plant (BORDA type), a tunnel plant, various fixed- 
dome plants, a balloon plant, and a UASB (up-flow 
anaerobic sludge blanket) plant. 

When the international support came to an end in 
1992, standards of biogas plants existed for four fixed- 
dome plants of 14-48 m and three fixed-dome plants 
of 67-115m with a separate gasholder. In line with the 
heterogeneity of biogas users’ agricultural household 
and farm systems, the integration of biogas technology 
into agricultural and farm systems required to be 
highly flexible. The plants were mainly built for 
medium-sized and large-scale pig and cattle farms 
with 20 and 2,000 animals. The heterogeneity of the 
farms was also reflected in the pattern of utilization and 
the condition of the plants. 

Since 1986, with Belgium and Netherland support, 
industrial size biogas technology was developed as 
treatment and reuse system for agro-waste in the trop¬ 
ical regions. During the first years (1986-1989), biogas 
digesters have been classified as farming intensification 
technologies. These reactors transformed liquid 
manure into organic fertilizer; the generated biogas 
was just a sub-product. This intensification was also 
applied to the flower agro-business where flower 
wastes were fed into biogas digesters. Since 1989 anaer¬ 
obic systems for agro-industries and municipal 
sewage (UASB technology/anaerobic filter/contact 
bio-digester/covered anaerobic lagoons) have been 
built. The biggest municipal wastewater anaerobic 
treatment plant was installed in Bucaramanga for 
100,000 people equivalent (PE). Since 2005, due to 
rise of crude oil prices and the implementation of the 
Kyoto Protocol, activities have shifted toward biogas 
capture and use. 


The low-tech biogas digester technology exists in 
the country only on small scale, although with a trend 
to expansion, particularly in suburban areas. Local 
craftsmen in partnership with NGO have constructed 
many of these biogas digesters. 

Cuba Supported by India, Cuba started its national 
biogas program in the 1970s; in a second attempt at 
1990, biogas was rediscovered with German and Chi¬ 
nese support. Having created a national biogas expert 
group in Santa Clara in 1994, the current national 
biogas expert association was formed under the 
Ministry of Agriculture. Since 1992 international bio¬ 
gas advisers from Germany, Canada, and China have 
worked with Cuban counterparts supported by 
Germany, EU, UN-agencies, international NGOs from 
Canada and the Netherlands, or as part of the Chinese 
development cooperation with the Ministry of Sugar, 
the Ministry of Agriculture, and the Ecumenical Coun¬ 
cil of Cuban Churches. Industrial-sized biogas plants 
were installed at distilleries, and for sisal and sugar 
processing wastewater, and for dairy farms and pig 
breeding farms of about 20,000 animals (e.g., Soroa 
Farm). In addition to other donors, supported by 
German, Canadian, and Spanish NGOs, small-scale 
low-tech biogas digesters, such as fixed-dome plants, 
floating gasholder plants, tubular PVC and PE bag 
biogas plant designs, and prefabricated glass-fiber 
(composite) biogas plants, were jointly developed and 
locally adapted. 

Today (2010) about 1,000 biogas plants are operat¬ 
ing throughout the country, mainly low-tech PVC- 
plastic tubular “sausage” plants and fixed-dome plants; 
target groups for these plant types are suburban and 
rural households with pigs, vegetable production, 
and decentralized small- and medium-scale dairy 
farms. Biogas is used only for cooking, due to com¬ 
monly experienced energy shortages. Local institutions 
nationwide, with an umbrella of a National Biogas 
Association, are planning to construct yearly about 
400 low-tech biogas plants. 

Jamaica A document on the Biodigester Septic Tank 
(BST) was prepared in 2000 by the Scientific Research 
Council of Jamaica (Ministry of Land and Environ¬ 
ment, 2002) and presented to the Ministry of Com¬ 
merce and Technology, the Ministry of Health, and the 
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Ministry of Land and Environment/Ministry of Water 
and Housing for approval to be used as the system for 
future on-site sewage treatment for housing develop¬ 
ments. In the following years a wide range of requests 
were received from housing developers to utilize 
the biogas technology which has been developed with 
German support for the on-site treatment of domestic 
sewage for urban, suburban, and rural housing, thus 
replacing septic tanks and soak-away pits. 

Nicaragua After a pilot Biogas Dissemination Pro¬ 
gram supported by the German Development Cooper¬ 
ation (GIZ) in the early 1980s, Stichting Nederlandse 
Vrijwilligers - Netherlands Development Organization 
(SNV) restarted pilot activities to prepare a national 
biogas program in Nicaragua and Honduras in 2010. 

Challenges, Success and Failures 

Challenges, success and failures of any technology are 
always linked to a number of factors and influences of 
quite a variety of characteristics. In the case of “biogas 
technology,” given that applications occur worldwide 
under a range of frame conditions that cannot be easily 
compared, the influencing factors for success and fail¬ 
ures are shaped by researchers, housewives, farmers, 
engineers and technicians, economists and politicians, 
bankers, energy suppliers, donors, hardware dealers, 
masons, and plumbers - just to name a few. 

Therefore, the following chapter picked one exam¬ 
ple - the case of a pure market-oriented dissemination 
approach performed by a non-profit non-governmental 
organization in Lesotho, southern Africa. The chal¬ 
lenges, success, and failures are analyzed against the 
overall dominating issues of sustainability. 

Social and Cultural Sustainability 

In order to achieve social and cultural sustainability 
of the promoted wastewater treatment technology in 
general and the installed Biogas/DEWATS systems 
in each specific case, TED, the Lesotho based 
Non-Governmental Organization “Technologies for 
Economic Development” applies social marketing 
principles adapted to sanitation requirements. The 
strategy is based on three pillars: (1) stimulating 
demand, (2) private sector involvement in the supply 
chain, (3) social status. Following the guideline “Social 


marketing works to help people change their behaviors 
positively,” TED engages also in hygiene education, 
sanitation awareness raising, and sanitation marketing 
at all levels in Lesotho and abroad. 

The creation of a sustainable sanitation market 
involves five “P”s: (1) product, (2) price, (3) place, 
(4) promotion, and (5) people, whose quality of life is 
directly influenced by the improvement of sanitation 
and hygiene. 

Up to now, TEDs Biogas/DEWATS product has 
several “unique selling points,” as the NGO is still the 
only national organization to offer a real alternative to 
a conventional septic tank. Price comparison between 
the conventional on-site wastewater treatment system 
and Biogas/DEWATS results currently in lower invest¬ 
ment costs for the conventional system, but in signifi¬ 
cantly lower operational costs for Biogas/DEWATS. 
Given the specific geophysical context of Maseru and 
its growth rate into peri-urban hilly areas, the connec¬ 
tion to centralized sewer lines and wastewater treat¬ 
ment plants is for most of TED’s clients just not 
possible. 

The sustainable social and cultural integration of 
TED’s biogas-sanitation system is also enhanced by the 
strong involvement of the future system owner in 
the decision on where to place the treatment system for 
the household’s waste water and the technology choice 
on reuse options. Also, wherever possible, already 
existing septic tanks and VIP latrines are integrated 
into the new design of the treatment system. Due to 
these close and personal relations with its clients, 
TED’s promotion strategy relies on “word of mouth” 
and clients’ testimonies to interested households. 

In cases where communities (villages, schools, 
orphanages) ask for upgraded sanitation systems, 
TED informs the communities about different 
options, including urine diversion dry toilets. Urine 
diversion technologies and Biogas/DEWATS could be 
successfully combined. 

Working closely with local partners at all levels TED 
spreads the message about the importance of sanita¬ 
tion, hygiene, and water for human well-being to dif¬ 
ferent groups applying appropriate information and 
education material. Local authorities, civil society 
organizations, and media form already part of the still 
informal sanitation network that TED intends to set up 
in Lesotho. 
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Economic and Financial Sustainability 

The level of sanitation infrastructure in Lesotho is 
generally very low; a decentralized approach to sanita¬ 
tion services is a must. Biogas/DEWATS is one alterna¬ 
tive to septic tanks in Lesotho. Wastewater naturally 
produces biogas and purified water that still contains 
plant nutrients for reuse in the garden. Owners save 
money because they do not have to call (and pay) 
a truck to empty the septic tank every year or even in 
a very much shorter period; they can use the biogas for 
cooking, and they can use the water for irrigation, thus 
reducing the fresh water bill. The money saved within 
a reasonable time (some owners calculate a maximum 
of 3 years as period of internal return rate) can be used 
for further investments to develop the local economy. 

The costs for a biogas digester and related wastewa¬ 
ter posttreatment steps are divided into production 
costs, running costs, and capital costs: 

• Production costs include all expenses necessary for 
the erection of the plant (e.g., land, excavation 
work, construction of the Biogas/DEWATS, piping, 
and gas utilization system). The construction costs 
comprise wages and material. They depend on size 
and dimensioning of the biogas unit, amount and 
prices of material, and the labor. 

• Running costs occur in some cases more often and 
in some cases rarely; they could include feeding 
and operating of the plant; supervision, mainte¬ 
nance and repair of the plant; storage and disposal 
of the slurry; gas distribution and utilization, and 
administration. The running costs of a biogas 
plant with a professional management are just as 
important as the construction costs, for example, 
for operation, maintenance, expenses for painting, 
service, and repair. 

• Capital costs consist of redemption and interest for 
the capital taken up to finance the construction 
costs. It has to be mentioned that many customers 
provide themselves with, e.g., building material to 
cut their costs; therefore, just a few have to borrow 
money. In calculating the depreciation, the eco¬ 
nomic life span of plants can be taken as 15-20 
years, provided maintenance and repair are carried 
out regularly. The money, which is saved by using 
“waste” as energy source and irrigation water, needs 
to be calculated for each specific case. 


TEDs clients have various problems and therefore 
various reasons why they want to have a Biogas/ 
DEWATS. That is why the “real” investment costs can 
be higher than the “real” outcome costs. But the prob¬ 
lem, for instance a septic tank, which is always 
overflowing, is solved. Additionally, it is true that one 
saves a lot of money by having this technology. There is 
just the question if the client can furnish the start 
capital to invest in this technology. 

Environmental Sustainability 

The following analysis refers to international 
experiences: 

• Wastewater and manure are naturally treated by 
bacteria, which upgrade wastewater and stabilize 
sewage sludge. The system improves the fertilizer 
quality of human and animal waste. 

• It reduces the greenhouse gas emissions by using the 
produced biogas. 

• Protected areas or the ecosystem are not affected 
because the construction is realized close to villages. 
As the system is mostly underground, the landscape 
is not damaged or negatively influenced. 

• The treated water - still containing plant nutrients - 
should be (and is) reused for irrigation. 

• Where biogas is an alternative to fossil-based fuels, 
it is, on a national level, considered to improve the 
balance of payments since less oil products have to 
be imported. 

• On the individual level, system owners save valu¬ 
able fresh water resources by using treated waste- 
water for irrigation; in addition, they do not need 
mineral fertilizer because the irrigation water still 
contains valuable plant nutrients. 

Technical Sustainability 

Low-tech biogas plants are related to low-volume effi¬ 
ciency; therefore, simple design and low-cost construc¬ 
tion materials are required to compensate this 
disadvantage with larger digestion volumes, multiple 
step treatment system, and even posttreatment steps - 
if sanitization requires. Therefore, creative solutions 
have to be developed by the designers to integrate 
these required volumes in the given space, often solved 
by underground constructions, cylinder designs or 
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round shape design, which allows also construction 
material economy combined with optimal strength. 
Local service structure must be established for mainte¬ 
nance, spare parts, and repairing. In order to assure 
technical sustainability and continuous updating of 
technical staff, TED Lesotho applies the following 
approaches: 

1. To be integrated into worldwide networks and close 
cooperation with technology and research partners 
like Bremen Overseas Research & Development 
Association (BORDA), University of Science & 
Technology Beijing-Centre for Sustainable Envi¬ 
ronmental Sanitation (USTB-CSES), and Water 
and Sanitation Association of Zambia (WASAZA). 

2. To offer - in collaboration and consultation with 
cooperation partners - service packages to integrate 
the technology into an environmental sanitation 
concept. This includes, e.g., school sanitation, com¬ 
munity-based sanitation, and sanitation systems 
for hospitals, hotels and tourism resorts, military 
camps, and for agricultural enterprises. 

3. To include Research & Development into imple¬ 
mentation in order to achieve safe upscaling of 
implementation; R&D includes the following topics 
(list not exhaustive): (a) sanitation & renewable 
energies; (b) sustainable environmental sanitation, 
and (c) agriculture 8c livestock. Regular monitoring 
of the system performance and external evaluation 
of the results by academic cooperation partner sup¬ 
port these R8cD activities. TED thus offers 
researcher opportunities to gain experience in 
reuse-oriented wastewater treatment systems 
under Lesotho-specific conditions. 

4. To train system owners and operators and to offer 
after-sales services: Well-informed system owners and 
operators ask only in very critical situations for spe¬ 
cial maintenance activities to be provided by TED 
staff. Experience shows that owners, understanding 
that Biogas/DEWATS functions due to a well- 
maintained biology of microorganisms, are operating 
their wastewater treatment system throughout the 
years without any problem, and without requiring 
additional maintenance support. During the first 12 
months after construction, TED provides training 
and accompaniment to the owners and operators 
(in the case of community, school, or enterprise 


connected systems) in order to familiarize the 
responsible person with all relevant details to main¬ 
tain a successful wastewater treatment process for 
biogas production and irrigation water reuse. 

Lessons Learned 

TED s experience and “success story” shows that there 
are acceptable, affordable, and environmentally safe 
sanitation technologies based on anaerobic digestion, 
already successfully installed in urban settlements in 
Lesotho. Given the fact that TED is implementing 
Biogas/DEWATS without any subsidies but fully paid 
by the customers, it is clear that a sanitation market is 
viable. Sanitizing wastewater on the compound, mak¬ 
ing it fit for irrigation, saving valuable drinking water, 
and encouraging home gardening especially in an HIV 
8c AIDS suffering country clearly helps to improve the 
living conditions of the population. Turning organic 
waste (solid and liquid) into biogas for cooking is an 
important measure for climate protection, climate 
change mitigation, and resilience. 

Challenges encountered and relevant for the way 
forward are craftsmanship’s quality, expertise in Bio¬ 
gas/DEWATS construction, ownership, and how to 
cope with the increasing demand. TED s way of dealing 
with these challenges is and was always developed in 
a very pragmatic manner due to its characteristics as 
a nonprofit-making NGO in a country with an endless 
number of constraints and limitations. The following 
overview should be read as an outline for “lessons 
learned” on how to upscale implementation of “biogas 
for sanitation” purposes: 

- Craftsmanship’s Quality: TED engages in continu¬ 
ous quality control of its construction staff. In 
cooperation with international partners, quality 
parameters have been established, in-house training 
is carried out, and a quality management system 
related to Biogas/DEWATS construction is in place. 

- Expertise in Biogas/DEWATS construction: Con¬ 
sidering the limited labor market for specialized 
technical professionals in Lesotho, TED encounters 
difficulties in identifying and hiring qualified civil 
engineers. International cooperation partners cur¬ 
rently provide engineering expertise in Biogas 8c 
DEWATS construction, but contacts with national 
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sector institutions are sustained and enforced to 
achieve knowledge transfer on a long term. 

- Ownership: When a Biogas/DEWAT system has 
been sponsored by a third party and not - at least 
in a significant part - been financed by the system 
owner himself/herself, lack of responsibility and 
ownership often leads to system performance prob¬ 
lems. This could also be observed in cases of com¬ 
munity-based systems. TED therefore developed 
a user training principle that includes not only the 
technically responsible person but also the person 
who will benefit most from a well-functioning Bio- 
gas/DEWATS - like the cook in a school or 
orphanage. 

- Increasing demand: Increasing demand could only be 
answered by an increasing number of Biogas/ 
DEWATS constructions; therefore, TED applied for 
funds from a private donor foundation to train 
masons, who became part of the TED construction 
team after an intensive on-the-job training. 

Future Directions 

Nowadays the highest degree of market maturity of 
low-tech biogas technology can be found in the area 
of housing wastewater in decentralized wastewater 
treatment systems (biogas sanitation or DEWATS), 
organic sludge treatment, agro-industrial wastewater 
pretreatment, and treatment of livestock manure. The 
use of the biogas technology in housing (municipal) 
wastewater treatment is currently experiencing a rapid 
increase in Chinese and Indian suburban development. 
Household biogas plants in developing countries are 
today usually promoted on a large scale in connection 
with rural cooking energy supply and environmental 
issues, and are installed particularly where water pollu¬ 
tion through liquid manure from land area unbalanced 
livestock activities - small, medium, and large - is 
most severe. 

The increasing emission of greenhouse gases, increas¬ 
ing water pollution, declining soil fertility, unsatisfactory 
waste management, and the promotion of sustainable 
renewable energy supply must be seen as parts of the 
driving factors for biogas technology as one of the impor¬ 
tant hardware components in a chain of measures to 
counteract the mentioned challenges. 


Due to the fact that often trained constructors leave 
to search non-rural income in cities and processing 
industries, the development of prefabricated (compos¬ 
ite or membrane) low-tech biogas plant elements will 
dominate the future constructions. Maintenance issues 
and responsibilities will be settled by rural plumbers as 
water and gas supply infrastructure accompanies rural 
housing development processes. Highly efficient end- 
energy use appliances for biogas, developed and 
produced from specialized industries, as already could 
be learned from China, are contributing to farmers’ 
kitchen hygiene as well as social status upgrading of 
rural households. Centralized biogas plants will domi¬ 
nate the technology development in densely populated 
areas as waste-to-energy treatment plants. They could 
deliver cooking gas for surrounding households, pro¬ 
vide electricity and heat for living areas, and cold for 
dairy farms milk cooling chains. 
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Glossary 

Bioenergy Energy from Biomass [ 1 ]. 

Biogas Gas originating from fermentation [2]. 

Biogas substrate Biomass that can be used for fermen¬ 
tation processes and which mainly are wet energy 
crops or residues. 

Biomass Material from biological origin excluding 
material embedded in geological formations and 
transformed to fossil [ 1 ]. 

Biomethane Upgraded biogas generated through the 
removal of carbon dioxide. 

Biomass residues Biomass originating from side- 
streams from agricultural, forestry, and industrial 
operations [1]. 

Black liquor Liquor obtained from wood during the 
process of pulp production, the energy content is 
mainly originating from the content of lignin 
removed from the wood in the pulping process [ 1 ]. 
Chemical oxygen demand (COD) Amount of oxygen 
needed for the complete oxidation of the 
compounds included in the water [4]. 
Contamination Impurities resulting from exposure to 
or addition of a poisonous or polluting substance to 
a fuel [ 1 ]. 


Economic biomass potential Fraction of the technical 
potential that can be used economically in the con¬ 
text of the economic framework [4]. 

Energy crops Woody or herbaceous crops grown spe¬ 
cifically for their fuel value [ 1 ]. 

Fruit biomass Biomass from the parts of a plant which 
holds seeds [ 1 ]. 

Fuel Energy carrier intended for energy conversion 
that can be solid, liquid, or gaseous [ 1 ]. 
Herbaceous biomass Biomass from plants that has no 
woody stem and which dies back at the end of the 
growing season [ 1 ]. 

Horticultural residues Biomass residues originating 
from production, harvesting, and processing in 
horticulture, including greenhouses [ 1 ]. 

Landscape management residues Residues of woody, 
herbaceous, and fruit biomass originating from 
landscape, park, and cemetery management [ 1 ]. 
Realizable biomass potential Expected use of bio¬ 
mass for energy purposes that mainly is part of 
the economic potential, but can as well be greater 
is, the option of using bioenergy is subsidized [4]. 
Segregated biomass Landscape management residues. 
Sludge Sludge formed in the aeration basin during 
biological waste water treatment or biological treat¬ 
ment process and separated by sedimentation or 
flotation [1]. 

Technical biomass potential Part of the theoretical 
biomass potential which can be used for energy 
purposes given technical as well as structural and 
environmental restrictions, including priority for 
food and fodder production and material uses of 
biomass [4]. 

Theoretical biomass potential Theoretical limit of the 
available energy supply from biomass in a defined 
area [4]. 

Definition of the Subject 

The production of biomethane can be done following 
two pathways as shown in Fig. 1. The established one is 
the anaerobic digestion of wet biomass and the adjacent 
upgrade of the resulting gas. The second one is based 
on the thermochemical treatment of solid (dry) bio¬ 
mass as wood. This article focuses on the anaerobic 


M. Kaltschmitt et al. (eds.), Renewable Energy Systems, DOI 10.1007/978-1-4614-5820-3, 

© Springer Science+Business Media New York 2013 

Originally published in 

Robert A. Meyers (ed.) Encyclopedia of Sustainability Science and Technology, © 2012, DOI 10.1007/978-1-4419-0851-3 




248 


Biogas Substrates from Municipalities and Industries 


/ 

\ 


Residues 

e.g., peeling residues 

By-products 

e.g., meat and bone meal 

Energy crops 

e.g., com 

Wastes 

e.g., waste water 





v 


v 


i 


V 


/ 




\ 


Woody biomass 


Herbaceous biomass 


Other biomass 


v_ 




/ 


1 1 

f-- 

; Pretreatment (as a future option) 


i 


v 


c 



\ 


Thermo-chemical conversion 


Fermentation 


v_ 



y 


n 


Biogas 


/ -\ 

CHP/Biomethan e/material use (as a future option) 

\ _ 


B\ogas Substrates from Municipalities and Industries. Figure 1 

Different categories of biomass and possible energetic uses 


fermentation using residues from municipalities and 
industrial processes. This process in general includes 
the degradation of organic matter to acetic acid and 
other short-chain hydrocarbons as well as the conver¬ 
sion to CH 4 , C0 2 , and H 2 0 in an anaerobic milieu. 
Suitable substrates have to show the following 
characteristics: 

• Fermentative degradability 

• Availability in aqueous milieu 

The generation of biogas using anaerobic processes 
is possible for the conversion of wet organic biomass 
with little lignin content and organically polluted waste 
waters [4]. 

The term potential can be categorized as follows: 

• The theoretical potential refers to a theoretical limit 
of the available energy supply from biomass mean¬ 
ing all phytomass and zoomass. Due to technical, 
economic, environmental, structural, and adminis¬ 
trative restrictions, only a small part of the theoret¬ 
ical potential is available for energy uses. 

• The technical potential describes the part of the 
theoretical potential that can be used given current 
technical possibilities. The calculation of the tech¬ 
nical potential considers available utilization 


technologies and their efficiency as well as struc¬ 
tural, environmental (such as nature conservation 
areas), and other nontechnical restrictions. 

• The economic potential refers to the fraction of the 
technical potential that can be used economically in 
the context of the given economic framework. The 
economic potential is affected, for example, by the 
development of conventional energy systems and 
prices of energy sources. 

• The realizable potential depicts the expected cur¬ 
rent use of bio energy. Usually, it is lower than the 
economic potential, but can also be greater if, for 
example, the option of using bioenergy is subsi¬ 
dized in the framework of a market introduction 
programme [4]. 

The explanations of biomass potentials for the dif¬ 
ferent categories of residues within this paper refer to 
the technical potential. Furthermore, the focus is put 
on biomass fractions which are currently available. 

Introduction 

Residues, by-products, and wastes are organic materials 
(biomass) which are generated next to the production 
of other goods and are suitable for an energy use. These 
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Biogas Substrates from Municipalities and Industries. 
Figure 2 

Bandwidth of area-specific amounts of selected residues, 
by-products, and wastes in Germany 


biomass fractions could result from agriculture, for¬ 
estry, as well as industry. Furthermore wastes from 
municipalities with high contents of organic matter 
are included [2]. This kind of biomass can arise gener¬ 
ally during the whole provision chain from supply, 
production, and use up to the disposal of the organic 
material. 

Residues generally arise depending on area or pop¬ 
ulation, as well as production capacities. Therefore the 
generated amounts are very heterogeneous based on 
different factors as climate, type of cultivation, gross 
national product, and wastes. Especially the amount 
and composition of industrial wastes vary to a great 
extent since manufacturing processes have a huge 
influence regarding the residues and wastes. 

Figure 2 shows area-specific amounts of some res¬ 
idues, by-products, and wastes typical for Germany to 
illustrate the diversity and partially considerable differ¬ 
ences of such mass flows. Additionally, Fig. 3 shows 
examples of generated amounts of significant organic 
mass flows depending on the population which could 
be used energetically. According to that especially 
organic wastes, particularly from industrial processes, 
provide a substantial population-specific potential. 



□ Organic fraction in the residual waste | Private composting 

E3 Organic Waste Wastes from industries 

□ Sludge Q Waste water 


Biogas Substrates from Municipalities and Industries. 
Figure 3 

Average specific amount of selected organic residues, by¬ 
products, and wastes from households and industry, 
exemplarily for Germany (2003); the amount can differ 
regionally; the amounts of manure and organically 
polluted waste water are not included 


Regarding this background, the intention of the 
following explanations is the presentation of different 
organic by-products, wastes, and residues from munic¬ 
ipalities and industrial processes. 

Biogas Substrates from Municipalities 

Organic biomass resulting from municipalities can be 
herbaceous biomass from landscape management mea¬ 
sures as well as waste and sludge from households. 
Some of these materials can be used for the production 
of biogas. Below these residues and wastes are charac¬ 
terized and their worldwide potential determined. 

Landscape Management Residues 

Segregated herbaceous biomass results from manage¬ 
ment measures in gardens, parks, cemeteries, and 
roads. They accumulate in varying amounts. The her¬ 
baceous biomass can be used as biogas substrate. 

Herbaceous biomass can result from management 
measures beside roads. But some of the material stays 
next to the road because the collection is intensive in 
labor and costs and thus not realized. In Germany, for 
example, a collection rate of around 50% can be 
assumed. The collected material can be composted or 
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used for energy purposes, for example, as combustion 
fuel or biogas substrate. But considering the problems 
regarding the material collection, it does not seem very 
probable that herbaceous biomass from roadsides will 
be used for energy generation and especially as biogas 
substrate in a significant amount. Furthermore, in 
some countries, there are some limitations resulting 
from contaminant loads in the biomass. 

Herbaceous biomass also arises in parks and ceme¬ 
teries. The varying area-related amount of the biomass 
results from different management concepts (e.g., 
mowing once or more times per annum), and therefore 
clear and general statements about the available bio¬ 
mass are difficult to make. As an average value 20 t/ha 
of fresh biomass per annum can be assumed. Further¬ 
more, the composition of this material is quite inho¬ 
mogeneous and alternates in a huge range. In 
cemeteries, the amount of flowers, branches, etc., has 
to be added which cannot be quantified generally. The 
accumulated biomass often shows a high water content 
and isn’t adapted to an energetic use. Also, some of the 
material stays on the area which helps closing the 
nutrition cycle. The rest of the biomass is collected 
and in most cases still composted although a use for 
energy purposes is possible. The fresh material can be 
used as biogas substrate or as solid fuel if it is dried in 
advance. But both applications are still an exception. 
Only in waste incineration plants a thermal utilization 
of the material is realized at the moment to certain 
extend. 

Municipal Waste 

Regarding the definition of the Intergovernmental Panel 
on Climate Change (IPPC) municipal waste includes all 
wastes collected in municipalities and/or other local 
authorities. Typically, it comprises household waste, 
commercial/institutional waste, as well as garden and 
park waste, and therefore organic compounds and used 
wood [ 1 ]. Below the potential and characteristics of the 
organic part of the municipal waste will be discussed 
since this can be used in biogas plants. 

Because of its low dry mass content of around 40%, 
organic waste is particularly suitable as biogas substrate 
and not as a fuel for a thermochemical conversion [ 1 ]. 
Therefore anaerobic fermentation is used especially in 
Central Europe, but develops as well in other regions. 
But this is also a promising option for rural areas in 


Asia [3]. Competing uses of the organic waste as mate¬ 
rial uses don’t arise because the digested residue can be 
used as fertilizer following an aerobic treatment 
(composting) [4]. 

The amount of the municipal waste depends more 
or less directly on the population. The huge amounts of 
organic waste accumulate in countries with a huge 
population as China and the USA. In the USA, the 
generation rate of municipal solid waste is around 
1.14 t/cap/year and therefore the highest rate world¬ 
wide (Fig. 4). In China, this generation rate is only 
around 0.27 t/cap/year. Approximately 40% of the 
waste materials are of organic origin. Also the state of 
the industrialization is an important factor. The more 
advanced the industrialization process the more 
municipal waste is produced. 

At present, the organic waste is not separated from 
the rest of the municipal waste in most cases. This is 
a huge obstacle regarding the energetic use as a biogas 
substrate. A separation is common only in Central 
Europe, but here as well some impurities as plastics 
cannot be avoided [2]. 

With regard to the access to the substrates, a general 
collection rate of 75% can be reached in the medium 
term if the efforts are intensified accordingly. 

This leads to a technical potential of 1,160 PJ from 
organic waste in 134 countries which correspond to 
around 94% of the world population. The highest 
potential offers Asia with more than 500 PJ (Fig. 5). 

Sludge/Organically Polluted Waste Water 
from Municipalities 

Sludge and organically polluted waste water result from 
domestic and industrial waste water treatment pro¬ 
cesses [1]. Aerobic and anaerobic processes can be 
used for the treatment of these waters. The aerobic 
treatment is much more common and has a long tra¬ 
dition. However, a huge disadvantage is the high 
amount of energy needed during the process as well 
as the great deal of sludge resulting of the treatment. 
Anaerobic processes on the other hand need more 
strongly defined conditions and are advantageous espe¬ 
cially with a huge part of organic compounds. 

Waste waters from municipalities result from 
households, municipal facilities (schools, hospitali¬ 
ties), and small companies (laundries, restaurants). 
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Biogas Substrates from Municipalities and Industries. Figure 4 

Specific waste production rate in different regions and countries 



Biogas Substrates from Municipalities and Industries. 
Figure 5 

Technical potential of municipal waste in different regions 
in the world 


Table 1 shows typical amounts of wastes in the waters 
exemplarily for Germany. Sewage from municipalities 
is characterized by variable amounts of pollutants. 
Roughly one half of these pollutants are of mineral 
origin (e.g., sand, ash) and organic compounds (e.g., 


excrements, food residues). The waste water is charac¬ 
terized by variations regarding the arising amounts, the 
composition and the degree of pollution during the 
seasons and the day. A minimum of the waste water 
amount is typical in the morning and in winter and 
a maximum at noon. 

Municipal waste water treatment plants separate 
organic material using a preceding mechanical treat¬ 
ment. Thereafter the waste water is cleaned with aero¬ 
bic microorganisms which results in a surplus sludge 
consisting of these microorganisms. Together with the 
organic sludge from the mechanical treatment, it is 
fermented in an anaerobic process within a digester. 
During this process, sewage gas develops which can be 
used for energy purposes. At first, not the generation of 
energy but the stabilization of the sludge has been the 
priority of this specific treatment. But until now, the 
digesters are also connected to a combined heat and 
power plant (CHP) to use the energy content of the 
sewage gas and to contribute to the energy supply of the 
waste water treatment plant. The quantity of sewage gas 
averages adds up to around 0.52 m /kg organic dry 
substance in the sludge. The composition of the sewage 
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gas is very similar to biogas. In the past, a huge part of 
the sludge was used in agriculture and horticulture. 
Due to more strict limits for selected trace elements 
more and more sewage sludge is co-fired together with 
coal in coal fired power plants [2]. 


Biogas Substrates from Municipalities and Industries. 
Table 1 Average pollution of municipal waste water 
exemplarily for Germany [2] 



Mineral 

compounds 

Organic 

compounds 

Sum 


in g/(inhabitant*day) or in g/m 3 (in 
parentheses) 

Sediments 

20 (100) 

30 (150) 

50 (250) 

Suspended 

compounds 

5 (25) 

10 (50) 

15 (75) 

Dissolved 

compounds 

75 (375) 

50 (250) 

125 (625) 

Sum 

100 (500) 

90 (450) 

190 (950) 


Biogas Substrates from Industries 

Industrial wastes are those products of a production 
process that are not reused or recycled and arise next to 
the production of the primary product. Furthermore, 
by-products can accumulate during the production. 
Rather than being waste, these biomass can be 
reprocessed and used for various material and energy 
purposes. The residues which amount to significant 
quantities all over the world can be, for example, resi¬ 
dues from the food production industry and from the 
pulp production or waste paper treatment. Table 2 
shows the most important categories of potential bio- 
gas substrates generated in the industrial production 
processes, including characteristic values [2]. 

The organic residues from industrial processes are 
often characterized by high water contents and huge 
loads of nutrients. Therefore a large part of the residues 
is used for animal feeding and is not (or only in 
restricted amounts) available for energy purposes. In 
the course of the industrial processes, a lot of waste 
water accumulates which could be used for energy 
generation through anaerobic fermentation [2]. 


Biogas Substrates from Municipalities and Industries. Table 2 Residues resulting from collected industry segments [2] 


Industry segment 

Substrate 

Typical production specific 
amounts of waste 

Typical organic dry 
matter content 

Cereal manufacturing 

Bran, husks, pastry residues 

0.2-0.3 kg/kg cereals 

85-97% 

Manufacturing of fruits, 
vegetables, and potatoes 

Peeling and cleaning residues 

0.1-0.35 kg/kg feedstock 

20-60% 

Sugar production 

Chips, molasses 

0.7 kg/kg sugar 

35-85% 

Vegetable oil production 

Press cake 

1-3 kg/I vegetable oil 

80-85% 

Beer production 

Draff, barm 

0.25 kg/I beer 

12-25% 

Wine production 

Marc 

0.2-0.3 kg/I wine 

30-55% 

Alcohol production 
(distilleries) 

Mash 

1-3 kg/I ethanol 

5-9% 

Milk treatment 

Whey, mixed with washing 
water 

1-2 kg/I cow milk 

5-7% 

Meat processing/butchery 

Rumen content, meat and 
bone meal, animal fat 

15-60 kg/animal 

8-98% 

Pulp production 

Black liquor 

2-3 kg/kg pulp 

35-50% 

Waste paper treatment 

Sludge 

0.1-0.3 kg/kg waste paper 

40-55% 
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The specific industrial residues listed in Table 2 will 
be outlined in the following. Additionally, organic 
wastes result as well, for example, from the processing 
of tea and coffee, the production of natural fiber and 
textiles, the manufacturing of leather, and some further 
industry sectors [2]. 

The following numbers given in the text below 
are valid mostly only for industrialized countries. 
Furthermore, they can vary significantly in particular 
cases. 

Residues from Cereal Processing 

Before cereals can be processed in the baking industry, 
they have to be ground in mills. There, residues as bran 
and hulks accumulate which amounts to around 20% 
of the delivered cereals. Ninety percent of the residues 
are bran which is used as fodder today. The husks that 
accumulate additionally during the process can be used 
as biogas substrate or combustion fuel but could also be 
composted. Additionally to these residues a certain 
amount of cereals can be used energetically because of 
an infection with mycotoxins caused by the weather. 
These infected cereals cannot be used for the food 
production any more. These organic residues have to 
be incinerated. 

During the processing of the meal in the baking 
industry, pastry residues accumulate amounting to 
10% of the produced pastries. These residues can be 
used in biogas plants. All residues from the cereal 
production show a huge amount of dry matter. Waste 
waters arise to a small degree regarding to washing and 
peeling processes [5]. The highest amounts of residues 


Biogas Substrates from Municipalities and Industries. 
Table 3 Total cereal production in different regions 
worldwide [6] 



Total cereal production (t) 

Asia 

1,188,100,000 

Africa 

151,370,000 

Oceania 

34,560,000 

Europe 

504,365,000 

America 

646,710,000 


from cereal production can be expected in Asia where 
most cereals are produced (Table 3). 

Residues from the Manufacturing of Fruits, 
Vegetables, and Potatoes 

This group of residues contains quite a lot of pro¬ 
ducers and products (e.g., fruit juice, vinegar, dry 
fruits). The fruits, vegetables, and potatoes are 
mostly of agricultural origin and are processed in 
bigger companies of the food industry. Different 
organic residues and wastes as peeling residues, 
washing waters of fruits, and pressed out fruits can 
accumulate during the treatment. Further possible 
residues are filtration residues, draff, and marc from 
the distillation of fermented fruits, potato peels, con¬ 
centrates, returned goods, and more. Depending on 
the production process, different amounts of residues 
(10-30% of the fruits, vegetables, and potatoes) can 
arise. These materials can be fermented, composted, 
burned, or used in other ways as the production of 
alcohol, soups, pectin, aroma, and cosmetics. Fur¬ 
thermore, organic polluted waste waters can accumu- 
late amounting to 1-3 m /t of the product which 
could be used in the farm animal keeping [2]. 

Residues from fruit originate from the production 
from fruit juices and derived products. Due to an 
increasing popularity of these products, the amounts 
of the residues rise as well. The most important fruits 
are citrus fruits, apples, and grapes. Around 27 mn t of 
the citrus production are processed to juice, essential 
oils, and other products which leaves around 50% of 
the fresh fruit weight as a by-product. The world apple 
production comprises approximately 54.2 mn t of 
apples whereof China alone produces 25 mn t. Apples 
which are not suitable for consumption generate large 
amounts of residues which can be processed. In total, 
around 14 mn t of apples are processed for the produc¬ 
tion of juice, pulp, and jelly (Table 4). Apple pomace 
results from the fruit pressing and represents up to 30% 
of the fresh fruit. Grapes can be processed to wine, 
juice, jams, and raisins. In total, 58 mn t are produced 
annually especially in Italy (16%), France (12%), the 
USA (11%), and Spain (10%). Eighty percent of these 
fruits are used for wine making, and as a by-product 
from the production, grape pomace results in an esti¬ 
mated amount of 13% of the original fruit. 
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Table 4 Amounts of processed citrus, apples, and grapes 
worldwide per annum and resulting by-products, respec¬ 
tively, residues 



Processed 

amount 
(mn t/a) 

By-products/ 
residues (%) 

By-products/ 
residues (mn t/a) 

Citrus 

27 

50 

13.5 

Apples 

14 

30 

4.2 

Grapes 

46.4 wine 

13 

6 


Residues from Sugar Production 

Sugar can be produced from sugar-beet or from 
sugarcane. The production of sugar based on sugar- 
beet generates crystal sugar amounting to around 
17% of the original weight of the beet. The residues 
are wastes from sugar-beet (around 1.5 kg/kg of 
sugar), pulp, and molasses (0.24 kg/kg sugar). Cur¬ 
rently, these mass streams are used for the produc¬ 
tion of syrup and yeast and as fodder. Additionally, 
huge amounts of organically polluted waste waters 
result, for example, from the washing of the sugar- 
beet and the chemical extraction of crude sugar. 
These waters however are recycled and used in the 
process water cycle. 

Residues from Vegetable Oil Production 

Additionally huge amounts of residues, wastes, and 
by-products result from the production of vegetable 
oils. The production of 1 1 rapeseed oil, for example, 
leads to 1.4 kg rapeseed cake or rapeseed meal. These 
by-products are often used as fodder for animal 
breeding. If the rising demand for oil as fuel leads 
to higher amounts of residues, the additional rape- 
seed cakes and rapeseed meals could be used for 
energy purposes. Especially the use as combustion 
fuel seems promising. Furthermore, the glycerine 
from the process of transesterification could be an 
interesting residue. 

Residues from Beer Production 

The manufacture of beer involves the generation of 
some typical by-products and residues which are 
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Table 5 Residues from the production of 100 I of beer 



Residue per 100 1 of produced beer 

Spent grains 

2,000 g 

Spent hop 

100-300g 

Surplus yeast 

? 

• 


spent grains, hops, and surplus yeast. These result 
from the processing of the raw materials and are avail¬ 
able in huge amounts because the use is still limited. 
Therefore the residues represent large potentials for 
various uses which would also be a solution to envi¬ 
ronmental problems which arise with the disposal and 
land filling of the material. 

The by-products from the beer production can 
accumulate as a residue from the malting at the end 
of the process and comprise the husks of the malt which 
are rich of cellulose. Furthermore, it consists of nitro¬ 
gen and vegetable fats and is therefore used as fodder, 
for example, in the dairy farming. Other possible uses 
are in biotechnological processes as fermentation, as 
substrate for the cultivation of microorganisms, or as 
raw material for the extraction of proteins, sugars, and 
acids [7]. 

Additionally, 2.5-6 1 waste water arises from the 
production of 1 1 beer which can be treated in biogas 
plants together with the other residues [2]. Further¬ 
more, 2001 of spent grains (70-80% water content) are 
generated with the production of 10 mn 1 of beer. They 
are basically composed by barley grain husks. The 
material is rich in cellulose, hemicellulose, and lignin 
and has high protein content. The hop is used for the 
brewing and is rich in components which supply the 
bitter and aroma components to the beer. However, 
85% of the raw material ends up as residues [7] . For the 
production of 1001 of beer, 100-300 g of hop is needed, 
and therefore 85-255 g are left as residue (Table 5). The 
third residue of the brewing process is the surplus yeast. 
However, it is not easy to state how much of the yeast is 
left for other uses because it can be used for the next 
brewing process. 

In 2008, the global beer consumption reached 146.2 
billion litres which would cause around 365.5-877.2 
billion liters of waste waters [6]. 





















Biogas Substrates from Municipalities and Industries 


255 


Residues from Wine Production 

The production of wine is a very important industry in 
many countries all over the world and generates huge 
amounts of organic residues such as sugars and cellu¬ 
lose. One of the residues is distilled grape marc which is 
a complex lignocellulosic material [7]. It is produced 
after pressing the grapes in white wine processing or 
after the fermentation and maceration in the red wine 
production. The production of 100 1 of wine generates 
25 kg of marc and 200-3001 of waste waters as residues. 
These are used especially in distilleries or in agriculture 
as fertilizer or animal feed. As an alternative the 
fermentation in biogas plants is possible as well [2]. 

In 2008, the wine production reached around 
27,270 million liters [6]. Therefore the amount of res¬ 
idues generated worldwide was about 6,818 million 
kilogram of marc and 54,540-82,810 million liters of 
waste waters. 

Residues in Distilleries 

The fermentative conversion of sugar (e.g., from fruits) 
and starch (e.g., from cereals) to ethyl alcohol is made in 
distilleries. This processes of fermentation and distillation 
generates residues (draff, stillage) which can be used 
energetically by an anaerobic fermentation. The produc¬ 
tion of 1 1 ethanol from cereals produces around 10-14 
1 of wet stillage (2-8% of dry substance) which can be 
concentrated to 0.75 kg of dried distillers grains with 
soluble (DDGS). The draff can be used as fertilizer on 
agricultural areas or as animal feed. Thus, distilleries are 
predominantly in peripheral areas and a use could only be 
reasonable if the generated energy can be used locally [2] . 

Residues from Milk Production 

Whey is the characteristic by-product of the processing of 
milk to cheese, curd, and cream cheese. It can be distin¬ 
guished between sweet whey and acid whey which is 
generated using lactic acid producing bacteria. Further- 
more, waste water accumulates amounting to about 2 m 
per liter milk. With a total milk production of 690 mn 1 
in 2008 [6], this would generate about 1,380 mn 1 of 
waste water. Generally these waters are mixed with 
other solid and fluid residues and reprocessed to whey 
powder and drinks or used as fodder for pigs, etc. In 
some cases, the residues can be fermented in biogas 
plants [2]. 


Residues from Meat Processing 

Every year, around 50,000 head of cattle, 500,000 pigs, 
and 28,000 sheep, goats, and horses are slaughtered per 
one million inhabitants, for example, in Germany. The 
residues from the slaughtering amount to 30 kg per 
inhabitant in a year. These can be used for material as 
well as for energy purposes. Especially since the emer¬ 
gence of BSE meat and bone meals are applied in the 
chemical industry and for the production of fertilizer. 
Furthermore, few plants for the generation of methyl 
ester from animal fats to be used as fuel exist, for 
example, in Germany. Prospectively, the recycling of 
phosphate from meat and bone meal could gain in 
importance [2]. Nevertheless, there is indeed 
a potential of such residues to be used as a feed for 
biogas plants. 

Residues from Pulp and Paper Production 

In the pulp and paper industry, two processes have to 
be distinguished: the generation of cellulosic pulp and 
the production of paper and cardboard. The produc¬ 
tion of cellulose leads to the generation of black liquor. 
It contains the lignin part of the wood which cannot be 
utilized for the paper production. Black liquor is 
already used in most paper plants as a fuel to meet 
the internal energy demand. Another residue of the 
pulp and paper production is industrial sludge con¬ 
taminated with fiber which could account up to 30% of 
the raw material. These sludge can be dried and 
combusted as a solid fuel. They can as well be used 
for material purposes such as amelioration in the agri¬ 
culture and for the production of bricks. Furthermore, 
huge amounts of waste waters accumulate during the 
paper production process - around 10 m/t paper 
produced [2]. This waste water can be treated under 
anaerobic conditions. 

Sludge/Organically Polluted Waste Water from 
Industries 

Organically polluted waste waters from industries are 
characterized by huge variations in the available 
amount throughout the course of a day or a year. 
Variations can as well be observed regarding the 
degree of contamination which varies especially in 
sugar refineries, vegetable processing, and distilleries 
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1,000 10,000 100,000 

COD - Concentration ranges in mg 0 2 /l 

Biogas Substrates from Municipalities and Industries. Figure 6 

COD - Concentration ranges of waste water from different industrial sectors [4] 



and depending on technical aspects. Internal water 
circulation, for example, leads to considerable reduc- 
tions of waste water amounts. On average, 2-3 m of 
industrial waste water accumulate per inhabitant and 
year in Germany. Typical contaminations are around 
1,000 and 100,000 g COD/1 (COD describes the 
amount of oxygen needed to oxidize all ingredients 
completely; Fig. 6). Industrial sludge account to up to 
10 kg DM per inhabitant and year, for example, in Ger¬ 
many, and is used for energy purposes almost 
completely [2]. 

Future Directions 

Residues from industrial processes and municipalities 
are diverse and offer various possibilities for material 
and energy. Furthermore, residues offer huge poten¬ 
tials for the production of biogas, although it is 
difficult to quantify the potentials of all residues 
and by-products worldwide since statistical data are 
not available in many cases. Additionally, a part of 
the biomass is already in use. They can be used for 
material purposes or for feed and fodder such as 
rapeseed cakes. Other materials are already in use 
for energy purposes such as black liquor which 
covers parts of the internal energy demand of paper 
production plants. 

The future trends regarding the amount and avail¬ 
ability of municipal and industrial residues and by¬ 
products for the biogas production depend on the 


development of the population, the progress of the 
industrialization process, and development of the spe¬ 
cific industries. Furthermore, competitive uses have to 
be considered. 
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Glossary 

Biochemical conversion Conversion of biomass 
based on biological processes into energy carriers 
and/or energy. 

Bioenergy Bioenergy is defined as energy from biomass. 
Biofuel Biofuel is a fuel produced directly or indirectly 
from biomass. 

Biomass From a scientific and technical point of 
view, biomass is defined as material of biological 
origin excluding material embedded in geological 
formations and/or transformed to fossil. 
Conversion route A conversion route is defined as the 
overall processes of production, provision, 
handling, and processing biomass to the point of 
delivery of the useful energy. 

Physicochemical conversion Conversion of biomass 
based on physical and/or chemical processes into 
energy carriers and/or energy. 

Thermochemical conversion Heat induced conver¬ 
sion of biofuels into energy carriers and/or energy. 


Definition of the Subject 

Biomass, a renewable source of energy, has been used 
since the beginning of human culture. Until the intro¬ 
duction of coal, crude oil, and natural gas, wood and 
other forms of biomass were the most important 
sources of energy available to humans. Today, biomass 
accounts for roughly 10-12% of the global primary 
energy consumption and, at a time of politically forced 
and environmentally needed greenhouse gas mitigation 
and an expected shortage in fossil fuel energy resources, 
this energy carrier is becoming more and more impor¬ 
tant. The goal of this chapter is to give an overview of 
the technical possibilities and challenges of energy 
provision from biomass. First, the various biomass 
sources available are discussed briefly. Next, available 
conversion routes are presented, showing the broad 
variety of possible options to provide heat, electricity, 
and/or transportation fuels. Based on these fundamen¬ 
tals, the thermochemical, physicochemical, and 
biochemical conversion possibilities are discussed. For 
these three options, in addition to the basics, the 
technical possibilities are briefly presented to indicate 
the current status of technology. Finally, future 
directions are discussed. 

Introduction 

Biomass currently provides 10-12% of global primary 
energy. Due to geographical, economic, ethical, and 
climatic differences, as well as different frame condi¬ 
tions within the energy system, the share of bioenergy 
in relation to the total energy consumption differs 
widely between different countries, ranging from less 
than a few percent in some industrialized countries like 
the United Kingdom to significantly more than 50% in 
some developing countries in Africa and Asia. 
Nevertheless, biomass is by far the most important 
renewable energy source in most countries, being sig¬ 
nificantly larger in use than the second largest source, 
hydropower. The energy from these sources - the oldest 
fuels utilized by humans - is even larger in absolute 
terms than the energy from one of the newest - nuclear 
fuels. 

Solid biofuels dominate the global biomass picture. 
It is safe to say that significant shares of the world s 
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population still rely on solid biofuels for most of their 
energy. This situation has not changed since the mas¬ 
tery of fire some hundred thousand years ago. This is 
due to the relatively low cost of and easy access to solid 
biofuels such as wood, dried dung, and crop residues 
(like straw) in rural areas of developing countries where 
more than one third of humanity lives. In addition, 
other bioenergy carriers such as wood pellets, 
bioethanol, and biogas play an increasingly important 
role in some regions in developing as well as in indus¬ 
trialized countries, where their costs and access com¬ 
pare favorably with fossil fuel-based energy in the 
context of the frame conditions defined by the respec¬ 
tive governments. Additionally, the potential of the 
biomass resources available to humans is significant 
on a worldwide scale. Sustainably produced solid, liq¬ 
uid, and/or gaseous biofuels also have the advantage of 
being climatically neutral and environmentally sound 
compared with other sources of fossil fuel energy, 
which has led to a resurgence in interest in biomass 
throughout the world. 

Compared with other renewable sources of 
energy, biomass has the advantage that it can be used 
for heat provision, electricity production, and the pro¬ 
vision of liquid and gaseous fuels for transportation 
purpose. And within all of these markets, biomass 
already plays a certain and increasing role within the 
global energy system. This development will accelerate 
in the years to come, with an increasing energy price 
level. 

Heat from biomass is used for cooking and/or space 
heating. While cooking with (solid) biofuel is rare 
today in industrialized countries (with the exception 
of outdoor barbecue), this is still the “classical” 
bioenergy application in most developing and thresh¬ 
old countries. It is likely that this market will continue 
to grow in the years to come due to a significant 
increase in population, especially in these countries. 
Heat provision from biomass for domestic and indus¬ 
trial applications is realized in all countries worldwide, 
but generally more in rural areas of countries during 
the cold season. This heating market is also likely to 
grow in the future, especially if crude oil prices con¬ 
tinue to stay relatively high or increase further. Addi¬ 
tionally, due to the political goal to reduce greenhouse 
gas emissions and the development of highly efficient 
and more comfortable combustion technologies, 


heat provision from solid biofuels is undergoing 
a renaissance in some industrialized countries. 

Demand for electricity has increased greatly in 
recent years in all countries. Even though the use of 
electricity is widely accepted, the provision of electrical 
energy can be controversial in some countries with 
a strong environmental movement. The debate about 
the pros and cons of nuclear power and the discussion 
about the contribution of electricity from hard coal 
and lignite to the global greenhouse effect are only 
two examples. Therefore, the generation of electricity 
from biomass is seen in some countries as a promising 
alternative, contributing in parallel a more indigenous 
and safer electricity provision, as well as increasing 
prosperity in rural areas. For this reason, it can be 
expected that the production and provision of electric¬ 
ity from biomass will significantly increase in the years 
to come. Within combined heat and power (CHP) 
plants, electricity generation can be combined in an 
ideal way with heat provision by maximizing the over¬ 
all energetic efficiency. With limited available biomass 
resources, this option is gaining more importance, 
especially in countries with a high heat demand due 
to cold winters. For this reason, a considerable and 
growing share of the increasing electricity production 
from biomass is realized in CHP plants, depending on 
the frame conditions set by the respective government. 

Production of transportation fuels from biomass is 
also increasing. The need for mobility is dramatically 
growing on a worldwide scale, particularly in some of 
the emerging economies in Asia. Therefore, finding 
ways to provide cheap, technically mature, climatically 
sound, and environmentally benign fuels based on 
renewable energy in general and biomass in particular 
is an extremely active endeavor. Therefore, the research 
and development (R&D) activities in this field have 
increased significantly in recent years in most of 
the Organization for Economic Co-operation and 
Development (OECD) countries, as well as in selected 
developing countries and emerging economies; the 
main challenge is to produce more liquid and/or 
gaseous transportation fuel from the limited available 
biomass. This challenge is the same worldwide, but, so 
far, only Brazil and the United States produce liquid 
biofuels (ethanol) for transportation purposes on 
a large scale with a measurable impact within the 
energy system. 
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In the following sections, the available biomass 
resources are discussed, and the various conversion 
routes of biomass - thermochemical, physicochem¬ 
ical, and biochemical - into useful energy will be 
described. 

Biomass Sources 

Biomass consists primarily of the elements carbon (C), 
hydrogen (H), and oxygen (O) (Table 1). Additionally, 
significant amounts of trace elements can be found in 
some types of biomass. For example, straw may contain 
fairly high amounts of chlorine (Cl) and/or silicon (Si) 
and rapeseed contains a relatively high amount of 
nitrogen (N). These trace elements can sometimes 
cause problems during the conversion into an energy 
carrier and/or useful energy. For example, during com¬ 
bustion chlorine might cause high temperature 
corrosion in boilers, silicon can lead to boiler slagging, 
and nitrogen can be responsible for high NO x 
emissions, which are limited in most countries. 

In most practical applications, the energy content 
of biofuel is best described by the net calorific value. 
Besides the chemical composition of the organic 
material, net calorific value is influenced by the water 
content of the biomass. Due to the fact that the chem¬ 
ical composition of most solid biomass fractions does 
not vary significantly (Table 1), the net calorific value 
related to the dry matter is similar for most of the 
biomass streams used (e.g., wood, straw) for the 
provision of solid biofuels. This might be different for 
liquid or gaseous fuels provided by a more or less 
complex conversion process based on heat-induced 
(i.e., thermochemical conversion) and/or biological 
processes (i.e., biochemical conversion). 

Figure 1 shows that the net calorific value of wood 
decreases from approximately 18.5 MJ/kg dry matter 
with increasing water content. The net calorific value is 
zero at water content of approximately 88%. Normally, 
the water content of air-dried wood is between 12% 
and 20%, yielding a calorific value between 13 and 
16 MJ/kg. Freshly harvested wood is characterized by 
a water content of about 50% or more. A significantly 
lower net calorific value is the result. This is the reason 
why wood is usually dried with solar energy. 

Independent of the fact that the heating value is 
more or less similar for organic matter used for the 


provision of solid biofuels, there is a huge variety of 
different biomass material streams available to be used 
as a source of energy. The properties of these biomass 
fractions define the conversion routes that are 
technically possible and economically feasible. The 
most important biomass fractions are discussed below. 

Woody Biomass 

Wood is the “classical” solid biofuel, used for thou¬ 
sands of years (basically since the mastery of fire by 
humans). This is especially true for wood from forests. 
In most countries fire wood as an energy carrier is 
a product from forestry management like timber for 
the use as a raw material (e.g., for construction pur¬ 
pose). In addition to forest wood, woody biomass to be 
used as a source of energy can also be grown on agri¬ 
cultural land. To maximize the average yield and thus 
minimize the land needs, tree plantations are harvested 
after a couple of years (i.e., short rotation coppice). 
Beside this, wood fuel can be derived from production 
and consumption of wood and wood products as 
a residue, a by-product, and/or a waste material all 
along the supply chain of wood as a raw material as 
well as pulp and paper products (Fig. 2). For example, 
thinning wood and forest residues are produced as 
a by-product during the production of stem wood 
as a raw material for case goods and furniture 
production. Industrial residual wood, bark, and 
wood dust are by-products and/or waste materials 
resulting from the production of timber and the 
manufacturing of wood structures or wood prod¬ 
ucts. At the end of the product lifetime and after 
recycling of some wood fractions (such as old fur¬ 
niture or roof timbering, chipboards), partly con¬ 
taminated woody material and waste wood remain, 
which can be used as fuel. 

Herbaceous Biomass 

The available organic material flow from herbaceous 
biomass can be subdivided into herbaceous energy 
crops grown specifically as biomass fuels (like whole 
crop cereal, rape or sunflower seed, Miscanthus , 
switchgrass, sugar cane, maize silage) and by-prod¬ 
ucts of the production of non-energy products (like 
straw produced during the production of cereals). 
The latter arise primarily from the production 
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Biomass as Renewable Source of Energy, Possible Conversion Routes. Table 1 Energy content and concentrations of 
some elements in untreated biomass (various sources, e.g., [1]) 


Net calorific 

Volatile 

C 

H 

O 

N 

K 

Ca 

Mg 

P 

S 

Cl 

Type of biomass 

value in 
MJ/kg 

Ash content 
in % 

compounds 
in % 

in % of dry substance 


Spruce wood 
(with bark) 

18.8 

0.6 

82.9 

49.8 

6.3 

43.2 

0.13 

0.13 

0.70 

0.08 

0.03 

0.015 

0.005 

Beech wood 
(with bark) 

18.4 

0.5 

84.0 

47.9 

6.2 

45.2 

0.22 

0.15 

0.29 

0.04 

0.04 

0.015 

0.006 

Poplar wood 
(Short rotation) 

18.5 

1.8 

81.2 

47.5 

6.2 

44.1 

0.42 

0.35 

0.51 

0.05 

0.10 

0.031 

0.004 

Willow wood 
(Short rotation) 

18.4 

2.0 

80.3 

47.1 

6.1 

44.3 

0.54 

0.26 

0.68 

0.05 

0.09 

0.045 

0.004 

Bark (softwood) 

19.2 

3.8 

77.2 

51.4 

5.7 

38.7 

0.48 

0.24 

1.27 

0.14 

0.05 

0.085 

0.019 

Rye straw 

17.4 

4.8 

76.4 

46.6 

6.0 

42.1 

0.55 

1.68 

0.36 

0.06 

0.15 

0.085 

0.40 

Wheat straw 

17.2 

5.7 

77.0 

45.6 

5.8 

42.4 

0.48 

1.01 

0.31 

0.10 

0.10 

0.082 

0.19 

Triticale straw 

17.1 

5.9 

75.2 

43.9 

5.9 

43.8 

0.42 

1.05 

0.31 

0.05 

0.08 

0.056 

0.27 

Barley straw 

17.5 

4.8 

77.3 

47.5 

5.8 

41.4 

0.46 

1.38 

0.49 

0.07 

0.21 

0.089 

0.40 

Rape straw 

17.1 

6.2 

75.8 

47.1 

5.9 

40.0 

0.84 

0.79 

1.70 

0.22 

0.13 

0.27 

0.47 

Corn straw 

17.7 

6.7 

76.8 

45.7 

5.3 

41.7 

0.65 





0.12 

0.35 

Sunflower straw 

15.8 

12.2 

72.7 

42.5 

5.1 

39.1 

1.11 

5.00 

1.90 

0.21 

0.20 

0.15 

0.81 

Hemp straw 

17.0 

4.8 

81.4 

46.1 

5.9 

42.5 

0.74 

1.54 

1.34 

0.20 

0.25 

0.10 

0.20 

Rice straw 

12.0 

4.4 












Husk 

14.0 

19.0 












Rye whole crop 

17.7 

4.2 

79.1 

48.0 

5.8 

40.9 

1.14 

1.11 


0.07 

0.28 

0.11 

0.34 

Wheat whole 
crop 

17.1 

4.1 

77.6 

45.2 

6.4 

42.9 

1.41 

0.71 

0.21 

0.12 

0.24 

0.12 

0.09 

Triticale whole 
crop 

17.0 

4.4 

78.2 

44.0 

6.0 

44.6 

1.08 

0.90 

0.19 

0.09 

0.22 

0.18 

0.14 

Rye grain 

17.1 

2.0 

80.9 

45.7 

6.4 

44.0 

1.91 

0.66 


0.17 

0.49 

0.11 

0.16 

Wheat grain 

17.0 

2.7 

80.0 

43.6 

6.5 

44.9 

2.28 

0.46 

0.05 

0.13 

0.39 

0.12 

0.04 

Triticale grain 

16.9 

2.1 

81.0 

43.5 

6.4 

46.4 

1.68 

0.62 

0.06 

0.10 

0.35 

0.11 

0.07 

Rape grain 

26.5 

4.6 

85.2 

60.5 

7.2 

23.8 

3.94 





0.10 


Misconthus 

17.6 

3.9 

77.6 

47.5 

6.2 

41.7 

0.73 

0.72 

0.16 

0.06 

0.07 

0.15 

0.22 

Switchgrass 














Sugar cane stalk 
(bagasse) 

8.0 

4.0 

80 

45 

6.0 

35 

0.0 





0.0 


Hay from 
various sources 

17.4 

5.7 

75.4 

45.5 

6.1 

41.5 

1.14 

1.49 

0.50 

0.16 

0.19 

0.16 

0.31 

Roadside 

greenery 

14.1 

23.1 

61.7 

37.1 

5.1 

33.2 

1.49 

1.30 

2.38 

0.63 

0.19 

0.19 

0.88 
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Moisture content (wet basis) 


Biomass as Renewable Source of Energy, Possible 
Conversion Routes. Figure 1 

Net calorific value of wood depending on the moisture 
content [1] 

processes for the provision of food, fiber, and 
fodder (e.g., the production of grain is necessarily 
connected with the production of straw). The same 
is true for the production of crops with special 
substances (e.g., specific oily substances, specific 
scents) to be used as a raw material (e.g., in 
the chemical industry, for the production of 
pharmaceutics). Additionally herbaceous biomass is 
also produced, for example, in conservation areas, 
parks, cemeteries, gardens, and on roadside areas. 

Other Biomass 

Various other organic materials usable as a source of 
energy are available within the overall economy, 
including by-products and waste materials from 
agriculture (e.g., animal manure), industrial food and 
fodder processing processes (e.g., slaughterhouse 
residues, vegetable waste, olive and fruit pits), food 
and fodder trading (e.g., spoiled food and fodder, 
contaminated fruits), households (e.g., the organic 
fraction of municipal solid waste (MSW)), as well as 
from wastewater processing (i.e., sewage sludge). Such 
biomass material flows might contain a high share of 
water, could include a high proportion of (unwanted) 
trace elements (like nitrogen, potassium, chlorine), and 
can be characterized by strong variations in their 
composition. 


Conversion Routes 

Bioenergy is generated in a multistage supply chain 
that starts with the collection of residues, by-products, 
or waste, or the cultivation of energy crops. This 
biomass then undergoes a variety of mechanical 
processing, storage, and transportation steps - 
depending on the local conditions - and perhaps 
industrial conversion processes to produce secondary 
solid, liquid, and/or gaseous energy carriers or 
biofuels. These fuels can be used to meet the given 
demand for different forms of useful energy (i.e., 
mostly power and heat, but also liquid or gaseous 
transportation fuels) (Fig. 3). 

The different possibilities to provide secondary 
energy carrier with more promising fuel characteristics 
compared with mechanically treated biomass (like wood 
chips, wood logs, pellets, silage, organic waste) can be 
subdivided in options based on heat induced processes 
(i.e., thermochemical conversion), on biological pro¬ 
cesses (i.e., biochemical conversion), and on physico¬ 
chemical processes (physicochemical conversion). These 
different options are discussed briefly below. But before 
that the provision of biomass free conversion plant is 
analyzed. 

Design of Typical Conversion Routes 

In general, the conversion route describes the path¬ 
way from the production of the energy crops, the 
provision of residues, by-products, and/or wastes at 
the place of origin until the provision of the biomass 
in a predefined form at the gate of the conversion 
plant, the provision of secondary energy carrier (e.g., 
solid, liquid, or gaseous fuel, district heat), the pro¬ 
vision of final energy (e.g., heat, electricity), or the 
provision of useful energy (e.g., heat, power). Thus, 
such a conversion route describes the overall life 
cycle from the production respectively the come up 
of the organic matter (i.e., the primary energy) up to 
the provision of the secondary, useful, or final 
energy. 

The overall goal of such a conversion route is to 
meet a varying demand of final or useful energy with 
a predefined security of supply. To reach this goal, 
appropriate conversion plant(s) with a reliable 
technical performance are needed as well as the 
necessary amount of biomass of a predefined quality. 
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C> Waste incineration 


Biomass as Renewable Source of Energy, Possible Conversion Routes. Figure 2 

Material flow of wood within the overall economy [1] 


Each conversion route consists of the life cycle steps 
of biomass production, and each of these steps is 
composed of various single technical processes. For 
example, biomass production requires preparation of 
the seed bed, distribution of fertilizer as well as plant 
protecting agents, and selected cultivation measures. 

Because the different life cycle stages of a biomass 
conversion route normally do not take place at the 
same location, the distances have to be travelled by 
various means (e.g., trucks, pipelines, conveyor belts). 
The choice of transportation is - beside technical 
aspects - mostly based on economic considerations. 

A specific conversion route is thus very much defined 
by the frame conditions fixed by the available biomass 
(supply side) on the one hand and the requested provi¬ 
sion of the final and/or useful energy (demand side). 
Additionally, technical, economic, and environmental 


(as well as administrative and/or legal (and emotional)) 
aspects significantly influence the realization of such 
a conversion route. For example, the choice for 
a specific conversion technology is influenced by the 
desired final or useful energy carrier (e.g., thermal energy, 
mechanical energy, electrical energy) and the (cheap) 
locally available biomass. The environmental standards 
defined by governments (e.g., emission limits, noise 
limits, odor regulations, waste disposal directives) and 
the economic frame conditions pertaining to the specific 
circumstances define the design and practical realization 
of such a biomass conversion route. Additionally, the 
disposal of waste produced by different processes within 
the overall route (e.g., digested animal manure leaving 
the biogas plant, ash remaining after the combustion of 
wood pellets) might influence the layout of such a route 
dramatically. Based on the consequences resulting from 
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Power 


Heat 


Biomass as Renewable Source of Energy, Possible Conversion Routes. Figure 3 

Possibilities to provide heat and/or power from biomass (Based on [1]) 


the thus necessary (expensive) waste disposal, a certain 
demand could be formulated to the quality of the bio¬ 
mass (e.g., water content, dimensions, impurities) used 
within such an overall conversion route. To achieve the 
desired effects, the quality of the used biomass has to be 
guaranteed within the overall route, with the conse¬ 
quence that there might be the need to include additional 
processing steps in the provision chain. 

Biomass availability can vary throughout the 
different seasons of the year, which has to be taken 
into consideration as energy demand changes over 
time. This means that certain storage options (e.g., 
wood chip storage, heat storage) have to be included 
within the overall chain to ensure a predefined degree 
of security of supply. 

Additionally, the developed conversion route 
matching all these demands has to be economically 
viable under the frame conditions defined by the inves¬ 
tor, the local frame conditions, and the government, 
have the opportunity to receive the required legal 
authorization (if applicable), and - last but not least - 
be socially and emotionally acceptable to the people 


living close to the conversion plant. And - which makes 
the design, successful operation, and ongoing optimi¬ 
zation of such a conversion route even more challeng¬ 
ing - different players with different backgrounds and 
understanding (like farmers, power plant operators, 
investors) have to communicate and interact success¬ 
fully with each other as well as with the representatives 
of the (local) regulatory authority. Thus a biomass 
conversion route is defined by technical as well as 
various nontechnical aspects. This makes the set-up 
of new chains exiting and demanding. 

Conversion Options to Provide Secondary Energy 
Carriers 

The conversion of biomass (i.e., organic material of 
very different origin) into solid, liquid, and/or gaseous 
secondary energy carriers can be realized via 
heat-induced processes (i.e., thermochemical conver¬ 
sion), via transformation by bacteria (i.e., biochemical 
conversion), and/or via physicochemical processes. 
These conversion processes are, in most cases, the 
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“heart” of such a conversion route. Below, an overview 
is given to explain the most important possibilities as 
well as the main differences. 

Thermochemical conversion. Biomass can be 
converted into useful energy or into secondary energy 
carriers using conversion processes based on heat. 

During the “classical” combustion of biomass for 
the provision of heat and/or electricity, the biomass is 
fully oxidized, basically with oxygen from the sur¬ 
rounding air, by releasing heat. Various chemical pro¬ 
cesses are realized during this oxidization. These 
processes take place in parallel at the same place. Due 
to the frame conditions defined by the involved com¬ 
bustion technology and its defining control parame¬ 
ters, the chemical reactions can be influenced to 
a certain degree to minimize the creation of unwanted 
substances harmful to the environment. 

Alternatively, the thermochemical conversion can 
be split up and realized at different places. Within such 
conversion processes, solid biomass is mixed under 
defined conditions (pressure, temperature, etc.) and 
high temperatures with an oxidizing agent (e.g., air, 
water) clearly below the stoichiometric concentration. 
This enables them to be converted into solid, liquid, 
and/or gaseous secondary biofuels to be used some¬ 
where else. The chemical processes underlying the 
respective conversion routes are based on the same 
fundamental reactions. But the composition of the 
resulting secondary energy carrier varies depending 
on, for example, the involved technology, the selected 
process parameters, the catalyst involved (if applica¬ 
ble), and the type of biomass used. 

In gasification, the solid biofuels are converted as 
completely as possible into an energy-rich producer gas 
or synthesis gas and thus into a gaseous secondary 
energy carrier. After expensive cleaning processes, the 
gas can be used directly without any further chemical 
transformation, for example, in an engine, a turbine, or 
even a fuel cell to provide heat and/or electricity. 
Alternatively, the gas can undergo a subsequent syn¬ 
thesis process to be converted into a liquid or gaseous 
biofuel with clearly defined properties (e.g., Fischer- 
Tropsch diesel, synthetic natural gas (biomethane), 
hydrogen) for easy use within the transportation sector, 
for example. 

In pyrolysis, solid biomass is converted solely by the 
(short- or long-duration) application of heat into 


solids (charcoal), liquids (bio-crude oil), and gases 
(e.g., CO, H 2 , C0 2 ). 

• The aim of fast pyrolysis or intermediate pyrolysis 
processes is to obtain a maximum yield of liquids 
(i.e., bio-crude oil). The by-products - e.g., com¬ 
bustible gases and charcoal - can be used to provide 
the energy needed for the conversion process and/ 
or as a raw material (e.g., active coal as a filter 
medium). The produced pyrolysis oil or bio-crude 
oil has to be refined and can then be utilized either 
as feedstock for the chemical industry and/or as 
liquid fuel for engines and/or turbines. 

• The goal of slow pyrolysis processes is it to convert 
solid biomass into a solid energy carrier with clearly 
defined characteristics (i.e., charcoal) and thus 
improved combustion characteristics compared to 
the feedstock. This solid carbon can then either be 
used as a more pleasant source of energy (e.g., for 
daily cooking in developing countries and for leisure 
activities (barbecue) in industrialized countries) or 
as a raw material, for example, in the chemical 
industry (e.g., as a filter material). 

Thus, based on such a thermochemical conversion - 
besides the provision of heat and electricity - the direct 
and/or indirect production of solid, liquids and/or 
gaseous secondary energy carriers is also possible. 

Physicochemical conversion. This conversion 
pathway is used to produce liquid biofuels from 
organic matter containing oils and fats (e.g., rapeseed, 
oil palm fruits, sunflower seeds). The oil is separated 
from the seed, for example, by pressing and/or extrac¬ 
tion based on existing process technology well known 
for centuries. Afterwards the oil is cleaned with existing 
technical processes to meet the given predefined 
product standards. The clean vegetable oil can be used 
as an energy source in its straight form (if the engine is 
able to burn such a relatively inhomogeneous fuel 
characterized by considerable differences from conven¬ 
tional diesel fuel) or after a chemical treatment conver¬ 
sion (e.g., transesterification with methanol to fatty 
acid methyl ester [FAME]). Alternatively, the vegetable 
oil can be treated with hydrogen (i.e., hydrogenation to 
hydrogenated vegetable oil [HVO]) or processed 
together with crude oil in existing oil refineries to 
provide a fuel with clearly defined characteristics meet¬ 
ing the requirements for the existing transportation 
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fuels (e.g., diesel fuel specification, kerosine 
specification). 

Biochemical conversion. In this group of conversion 
processes using microorganisms, organic material is 
split into fragments that could be used to provide 
new chemical compounds. Hence, this conversion is 
based on biological processes. 

• During alcoholic fermentation, the sugar, starch, 
and cellulose contained in some types of biomass 
is transformed into ethanol, which, after distillation 
and dehydration, can be used as pure alcohol or 
blended with conventional gasoline to fuel engines 
and/or turbines. 

• In anaerobic fermentation, organic matter is 
converted into biogas (slightly more than 50% 
methane; the rest is mainly carbon dioxide). This 
gas can be used in CHP generating stations to 
produce electricity and heat or, alternatively, after 
further processing, upgrading, and where neces¬ 
sary distribution through the existing natural 
gas grid, used to fuel vehicles designed to use of 
natural gas. 

• Other biochemical conversion options currently 
under discussion include the production of, for 
example, hydrogen from some specific types of 
organism living in an aqueous environment. 


Thermochemical Conversion 

Thermochemical conversion describes the conversion 
of preferably solid biofuels into secondary energy car¬ 
riers, into final energy, and/or into useful energy based 
on heat-induced processes. For this conversion 
option, the chemical basics are discussed below. 
Then, the solid biofuels usually used within such 
conversion units are briefly described. The technolo¬ 
gies for direct combustion, pyrolysis, and gasification 
are then presented. 


Basics 


During the complete thermo chemical conversion, solid 
biofuels are oxidized primarily to carbon dioxide and 
water by releasing heat. Equation 1 shows the 
approximate process for wood, which can be described 
chemically as C n H m O p . 


/ m p\ 

CnH m Op -f- ^n + —— — J O 2 —> n CO 2 
m 

H— H 2 O T heat 
2 



The complete thermochemical conversion of solid 
biofuels consists of the following steps: heating and 
drying, pyrolytic decomposition, gasification, and 
oxidation (Fig. 4). Within a “classical” biomass 
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Biomass as Renewable Source of Energy, Possible Conversion Routes. Figure 4 

Processes realizing the thermochemical conversion of solid biofuels [1] 
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combustion unit for heat provision, these four different 
thermo chemical conversion steps are realized at the 
same place and at the same time. Equation 1 is 
performed - via different intermediate steps as 
discussed below in detail - completely (i.e., full 
oxidation). 

Alternatively to overall oxidation (Eq. 1) can 
be split and performed at different points of time 
and in various locations. For example, such an inter¬ 
ruption can be realized after the steps of heating and 
drying as well as pyrolytic decomposition; gasifica¬ 
tion and oxidation take place within another device 
(i.e., in a different place) and at a different point 
in time. Another possibility is it to split the process 
after three intermediate conversion steps (i.e., 
heating and drying, pyrolytic decomposition, and 
gasification). 

These different steps of the thermochemical 
conversion are explained below. 

Heating and drying. Before any chemical reaction of 
the organic material (e.g., wood, straw, rice husks) can 
take place, the biomass has to be heated up. During this 
endothermic process, water is evaporated at tempera¬ 
tures up to approx. 200° C. Below roughly 100°C free 
water, and above this temperature, water bound to the 
molecule structure of the solid biomass, is released as 
vapor. The water may leave the organic material and 
thus the reaction zone. Alternatively and/or addition¬ 
ally, this water vapor may act as an oxidizing agent 
within the processes taking place within subsequent 
conversion steps (e.g., gasification). This process of 
heating and drying requires energy (i.e., the process is 
endothermic). 

Pyrolytic decomposition. Organic material consists 
of large macromolecules. If they are sufficiently 
exposed to thermal energy they are thermally 
decomposed in smaller chemical molecules (i.e., 
chemical compounds with only few elements). The 
products of this pyrolytic decomposition of the solid 
biomass (i.e., the so-called volatile compounds) are 
driven out of the organic material. This process is 
endothermic (i.e., energy is needed) and requires no 
oxygen. 

For example, for wood the pyrolytic decomposition 
starts at about 200° C with the decomposition of hemi- 
cellulose, which is a part of wood material. The decom¬ 
position of cellulose (another component of wood) 


takes place at temperatures of 300°C and higher. Finally 
the decomposition of lignin (another component of 
wood) takes place at even higher temperatures. 
The yield and composition of the volatiles vary 
depending on the temperature and velocity at which 
the pyrolytic decomposition is realized. Additionally, 
the composition of the solid organic material (e.g., 
wood, straw, leaves) might have an influence overlaid 
by possible catalytic effects. In general, however, the 
result of the pyrolytic decomposition is very much the 
same for different types of solid biomass under 
comparable process conditions. 

During this process, the macromolecules that 
biomass consists of are fragmented due to the influence 
of the heat by a similar set of complex decomposition 
reactions. As a result of such decomposition processes 
at relative high temperatures, the following 
components are formed: 

• Volatile compounds, such as hydrogen (H 2 ), carbon 
monoxide (CO), methane (CH 4 ), carbon dioxide 
(C0 2 ), nitrogen (N 2 ) and steam (H 2 0) 

• Carbon rich solid fraction (char) 

• Fow molecular weight organic compounds and 
high molecular weight (condensable) compounds 
(i.e., liquid products) 

Gasification. In order to convert the solid carbon 
remaining after the pyrolytic decomposition into a gas, 
an oxygen containing gasification agent such as air, 
pure oxygen, or water is required. Based on this, at 
temperatures between 700° C to 1,500°C, the solid car¬ 
bon as well as gaseous products (CO, H 2 , CH 4 ) are 
oxidized as follows (Eqs. 2-6): 

Partial oxidation of solid carbon: 

c + y 2 o 2 - co 

A H= — 111 kJ/ mol 


Complete oxidation of solid carbon: 

c + o 2 —»co 2 

AH= — 197kJ/mol 
Oxidation of carbon monoxide: 

co + y 2 o 2 -► co 2 

AH = — 283kJ/mol 
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Oxidation of hydrogen: 

H 2 + 1 / 2 O 2 -> h 2 o 

A H= —242kJ/mol 


Oxidation of methane: 

CH 4 + 20 2 -> C0 2 + 2H 2 0 

, 6 

AH= -802kJ/mol 

Additionally, balance reactions take place. The most 
important are the reduction of C0 2 to CO (Boudouard 
reaction) and of H 2 0 to H 2 (heterogeneous water gas 
reaction). Also, carbon can be transformed to CH 4 
(Eqs. 7-9). 

Boudouard reaction: 


C + C0 2 -► 2CO 
AH = 173kJ/mol 

Heterogeneous water gas reaction: 

C + H 2 0 —> CO + H 2 
AH= 131 kj/mol 

Heterogeneous methane production: 


C + 2H 2 —► CH 4 
AH= —87 kj/mol 

These and other reactions take place during this gas¬ 
ification conversion step. Depending on the given condi¬ 
tions within the reaction zone (i.e., temperature level, 
pressure, gasification agent, catalyst (if applicable), gasi¬ 
fication technology), different chemical reactions might 
contribute in a varying share to the overall gasification. 
The consequence is that the composition of the gas might 
be different. Therefore, the gas composition can be 
influenced to a certain degree by setting the frame con¬ 
ditions within the reactor where these reactions are tak¬ 
ing place. For these reasons, during gasification, 
sometimes energy is needed and sometimes energy is 
released. 

Additionally, some of these reactions can also take 
place during the pyrolytic decomposition at higher 
temperatures because the biomass itself contains 
oxygen. Therefore, the borderline between these two 
conversion steps can not always clearly defined. 

Oxidation. Within this last step of the thermochem¬ 
ical conversion, the gaseous products produced during 


the previous steps are fully oxidized to carbon dioxide 
and water. In this chemical reaction, energy is released 
(i.e., they are exothermic). After the performance of 
this step, Eq. 1 showing the overall reaction equation is 
fully realized. At this point the biomass is fully 
oxydized. Under these conditions, the excess air ratio 
is 1.0 or above (the excess air ratio is defined as the ratio 
between the amount of oxidizing agent fed to the 
conversion process and the amount of oxidizing agent 
needed to fully oxidize all reaction products; per defi¬ 
nition the excess ratio is 1.0 if the conversion process is 
realized exactly stoichiometrical as shown in Eq. 1). 


Solid Biofuels 

For thermo chemical conversion processes, usually 
solid biomass is available on the local, regional, and/ 
or global markets. To allow for a highly efficient and an 
environmentally sound conversion, they should match 
easily and reliably the needs of the conversion units 
(and vice versa). 

Based on this precondition for sustainable biomass 
use, two approaches are possible: (a) solid biofuels with 
very narrowly defined and preferably standardized fuel 
characteristics and (b) solid biofuels with very low 
respectively no requests on the fuel characteristics 
(i.e., no standardized fuel characteristics). The former 
option has the consequence that a high technical and 
thus resulting economic effort is needed to provide 
such clearly defined solid biofuels (as is the case for 
wood pellets). The advantage is that the fuel character¬ 
istics can be adapted accurately to the specification of 
a specific type of conversion units (and vice versa). 
For the latter possibility, it is exactly the other way 
around. Here, the effort to produce the fuel is in general 
relatively low (e.g., manually produced wood logs, 
shredded demolition wood). Thus, the technical effort 
within the conversion plant is significantly higher 
because it is technologically more demanding to 
convert fuels with strongly varying fuel characteristics 
efficiently, securely, economically, and environmentally 
sound into useful energy compared with the former 
option. 

The choice of which combination will be realized 
on the market is influenced by the user group, the 
installed capacity, the environmental demands defined 
by the responsible legal body, the economic frame 
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conditions, the required comfort level, and the com¬ 
peting energy carrier as well as manifold other reasons. 

For the reasons outlined above, currently the 
following different types of solid biofuels can be 
found on the local, regional, and global biofuel market. 

• Wood logs. Wood logs are the “classical” fuel for 
small-scale heat application in rural areas. The fuel 
characteristics vary in a relatively wide area and 
thus the combustion unit has to be designed to 
ensure that nevertheless a highly efficient combus¬ 
tion is possible meeting local environmental 
standards. This fuel is mostly traded locally or on 
a regional basis. Often the fuel is produced by the 
user itself with a high amount of manual labor. 

• Wood chips. Wood chips are a bulk fuel character¬ 
ized by a higher uniformity of the fuel properties 
compared to wood logs. The consequence is that the 
production and provision is more technologically 
demanding. On the other hand - also in opposite to 
wood logs - a fully automatic production and pro¬ 
vision from the forest to the gate of the combustion 
device is possible. This is also true for use within 
a conversion unit allowing for a fully automatic 
operation with a high overall efficiency meeting 
high environmental standards. Generally, wood 
chips are used in large-scale units and are traded 
as an energy carrier mainly on a regional basis. 

• Wood pellets. Pelletized wood as a bulk material 
shows very sharply defined and uniform fuel 
characteristics. To achieve such standardized fuel 
properties, a comparably high technical effort 
(compared to wood chips and especially to wood 
logs) is needed. This makes the production techno¬ 
logically demanding and the fuel relatively expen¬ 
sive. But such a pelletizing of wood allows for 
a completely mechanized fuel provision throughout 
the overall provision chain and a fully automatic 
fuel provision and use within the conversion plant. 
And the conversion unit can be adapted in an opti¬ 
mal way to the fuel characteristics. Therefore, this 
fuel is used in small-scale units for heating purpose 
as well as in very large units together with coal (i.e., 
co-combustion). The fuel is traded internationally. 

• Other solid biomass fuels. In addition to the 
three groups of wood fuels covering an important 
part of the globally used solid biofuels, other 


biomass-based solid fuels are used in some niche 
markets. This is true, for example, for demolition 
wood, straw, coconut shells, dried dung, road side 
green, and dried sewage sludge processed to specific 
fuels (like straw bales, crushed demolition wood, 
sewage sludge pellets). These types of solid biofuels 
can only be used environmentally if the provision 
chain and especially the conversion unit is fully 
adapted to the fuel characteristics. Therefore, such 
special fuels are mostly used on a regional basis, 
partly under very specific circumstances and/or 
frame conditions (e.g., dried dung as a solid fuel 
in India because of a lack of wood fuel, sewage 
sludge in co-combustion with lignite in large-scale 
power plants to get rid of this material for environ¬ 
mental reasons, demolition wood in Sweden for 
greenhouse gas reduction reasons). 

Direct Combustion 

The thermochemical conversion of solid biofuels pro¬ 
duced from biomass into heat is called combustion 
(i.e., the simultaneous performance of the conversion 
steps of heating and drying, pyrolytic decomposition, 
gasification, and oxidation). The heat released during 
the fully oxidation of the organic material can be used 
directly at the conversion plant (e.g., for cooking, space 
heating) or can be transported by means of a heat 
carrier (i.e., hot water, steam) to the place of consump¬ 
tion (e.g., district heating systems, heat distribution 
system within a dwelling house). The thermal energy 
can also be converted via a steam turbine or by co¬ 
generation (also known as combined heat and power 
(CHP) process) into electricity and low temperature 
heat. Because of economic limits, only relatively low 
conversion rates of biomass fuel energy into electrical 
energy (maximum of 30-35%) are possible at present 
in typically realized biomass plants due to economic 
constraints. Therefore, biomass co-firing in modern, 
large-scale coal power plants with efficiencies up to 
45% is regarded as a cost-effective option for the use of 
solid biofuels if the goal is only the provision of electrical 
energy. In addition, the use of CHP could increase the 
overall conversion efficiency significantly to roughly 80% 
and even more by lowering the electricity generation 
efficiency slightly. The obstacle preventing an increased 
use of such highly efficient CHP systems based on solid 
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biofuels is the often missing heat sink characterized by 
a high demand throughout the overall year (i.e., 8,000 full 
load hours) and/or the nonexisting (expensive) heat 
distribution infrastructure. 

The conversion technology required to realize a full 
combustion of the solid biofuel depends on the 
installed capacity, the fuel consistency, water content 
within the solid fuel, the ash melting behavior, trace 
elements contaminants, and many other factors. Where 
these conditions vary unexpectedly (the conversion 
plants are designed for a specific fuel with clearly 
defined characteristics), for example, with changeable 
mixtures of biomass species in the feed, performance of 
the conversion plant will inevitably suffer. 

Modern combustion devices are designed to realize 
a spatial separation between the thermochemical 
conversion process heating and drying, pyrolytic 
decomposition, and gasification as well as the full oxi¬ 
dation of the released gases into C0 2 and H 2 0. The 
former is realized by primary air feed into the glowing 
fire and the latter through secondary air feed preheated 
into the burning gas released by the glow, preferably in 
a relatively hot after-burning chamber. To achieve low 


unwanted airborne emissions, especially of volatile 
organic compounds (VOC; i.e., the typical smell of 
combusted wood), good mixing of air and combustible 
gas at high temperatures as well as a sufficient residence 
time of the gases within the hot zone to allow them to 
be fully oxidized are necessary. Additional design fea¬ 
tures assist in reducing particulate matter emissions, 
including those for keeping flue gas velocities low in 
some specific places within the combustion unit so that 
ash particles can settle down and thus are not 
entrained. 

Table 2 gives an overview of combustion technolo¬ 
gies primarily used in industrialized countries. 
The characteristics of a few major systems are discussed 
in more detail below. 

Wood pellet stove. One example of such combustion 
technologies are automatically feed wood pellet stoves. 
These combustion devices have been developed through¬ 
out the last decades for standardized pellets. On the back 
side of the device for the provision of heat (e.g., for 
a living room; Fig. 5), a container is located to store 
the solid fuel for automatic operation over a certain 
period of time. The pellets are transported from this 


Biomass as Renewable Source of Energy, Possible Conversion Routes. Table 2 Typical combustion technologies and 
their characteristics 



Combustion technology 

Typical thermal 
capacity 

Biofuels 

Manually fed 
systems 

Open/closed chimney 

2 to 15 kW 

Wood logs, wood briquette 

Single stove 

3 to 12 kW 

Tiled stove 

2 to 15 kW 

Pellet stove 

3 to 10 kW 

Pellets 

Wood log stove 

10 to 500 kW 

Wood logs, wood briquette 

Automatic fed 
systems 

Gasification firing system 

20 kW to 2 MW 

Wood chips 

Under feed system 

20 kW to 2 MW 

Wood chips, wood shavings and 
filings 

Grate firing system for wood 

150 kW to 15 MW 

Wood, bark 

Fluidized bed system 

From 10 MW 

Wood, bark, sewage sludge, black 
liqueur 

Grate firing system for herbaceous 
biomass 

50 kW to 20 MW 

Bales, chipped herbaceous biomass 

Blow in firing system 

200 kW to 50 MW 

Dust, shavings and filings 
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Fuel storage 


Screw conveyor 


Exhaust gas fan 



Combustion chamber 
with pane 


Combustion bowl 
with air nozzles 


Ash container 


W —Air circulation grill 


—-> Circulating air 
Combustion air 


=► Exhaust gas 


Biomass as Renewable Source of Energy, Possible Conversion Routes. Figure 5 

Combustion device fired with wood pellets [1] 


storage facility via a screw to a pipe from where the 
wood pellets fall into a special designed combustion 
chamber. Primary air is fed by nozzles through the 
bottom of this combustion bowl. Preheated secondary 
air is blown above the burning fuel via ring-shaped 
nozzles to ensure the complete oxidation of the gaseous 
fuel components released by the glow into C0 2 and 
H 2 0. Additional air is feed into the system via the fall 
pipe to prevent fire flashback into the fuel container. 
This design allows achieving very low airborne emis¬ 
sions. It fulfills even the very strict emission regulations 
valid in some European countries. The ash produced 
during the combustion of the wood pellets is collected 
within an ash container to be removed and drained off 
manually. During ordinary operation the combustion 
residues (i.e., ashes) contain less than 1% carbon and 
can thus be used as a fertilizer or taken to a landfill 
depending on the legal regulation. 

The thermal efficiency of such systems can reach 
95% or more. Emissions are considerably lower com¬ 
pared to “classical” stoves fired with wood logs because 
the design of the combustion device is optimal adjusted 


to the standardized and well-defined characteristics of 
the pellets. Additionally, the fully automatic control 
system allows for a plant operation within the most 
efficient point of operation. This ensures that the con¬ 
version efficiencies are maximized. Also, a continuous, 
fully automatic operation is possible and in most cases 
realized; the operational comfort is basically compara¬ 
ble with a boiler operated with light heating oil or even 
natural gas. Such heating ovens can be operated over 
a wide range of power demands, that is, between 
approx. 30% and 100% of the rated capacity. 

Wood chips combustion unit. A typical example for 
a heating device for wood chips is equipped with a throw¬ 
charging system where wood chips are transported from 
fuel storage with a stoker scroll and thrown with the help 
of a centrifugal wheel into a combustion chamber 
designed with a stiff grate. Such a fully automatic feeding 
system allows the smaller fuel particles to be combusted 
during the flight to the grate while more coarse fuel 
particles are burned on the grate. The system also has 
the advantage that the fuel is fed gently on the fire, thus 
reducing airborne emissions of particulate matter. 








































































Biomass as Renewable Source of Energy, Possible Conversion Routes 


271 


The primary air is blown with an automatic venti¬ 
lator through holes in the grate into the glowing fire. 
The preheated secondary air is blown into the combus¬ 
tion chamber on the top of the burning fuel. The air 
feeding system adjusts itself automatically according to 
information from a sensor fixed in the flue gas outlet, 
minimizing unburned flue gas components and thus 
meeting the given emission limits. Such devices are 
characterized by relatively low emissions and the ash 
can be used as a fertilizer or put on a landfill site 
depending on the legal frame conditions. 

The heat is extracted from the flue gas via a heat 
exchanger located on top of the combustion device. 
Within the heat exchanger, the flue gas is cooled 
down and water is heated up - depending on the heat 
utilization system - either close to the boiling point (to 
be used in hot water systems) or to steam, for example, 
for electricity generation. 

Such combustion systems are characterized by a fully 
automatic operation. They are available on the market in 
the range of thermal capacities of 300 KW up to approx¬ 
imately 3,500 kW and can be used either for the heat 
provision for single- or multi-family houses or for indus¬ 
trial process heat. Also, a CHP operation is basically 
possible for such systems in the upper capacity range if 
an ORC (Organic Rankine cycle) process is integrated; 
but the electrical efficiency of such CHP-units are rela¬ 
tively low. 

Pyrolysis 

In this technical conversion process, solid biofuels are 
heated up within a nearly oxygen-free environment 
(i.e., no oxygen from outside is added, but within the 
biomass some oxygen is present that might influence 
the conversion process). At temperatures up to about 
200°C, the biomass is first dried and water is evapo¬ 
rated. With increasing temperatures up to roughly 
500°C, the organic matter is almost decomposed (i.e., 
the macromolecules originally within the biomass are 
split into smaller molecules). During this decomposi¬ 
tion process, solid, liquid, and gaseous products are 
provided from the solid biomass. The share and com¬ 
position of the different products or product groups 
depends, for example, on the temperature range the 
pyrolytic decomposition is realized at, the presence of 
catalysts, the heating up rate of the biomass, the speed 


of cooling down the provided products, and the 
composition of the used solid biofuels. At the moment, 
two main applications of such a pyrolytic decomposi¬ 
tion can be found on the market: processes designed 
for the production of charcoal and for the provision 
of bio-oil. 

Charcoal from wood or from herbaceous biomass 
can be produced with a broad variety of different tech¬ 
nologies. In developing countries, for example, basic 
traditional charcoal kilns are usually made from earth 
or brick, although low-end metal kilns are sometimes 
found. The overall conversion efficiency between the 
energy content of the wood and the energy content of 
the charcoal of such basic devices is rather low (some¬ 
times less than 25%) in general and the airborne emis¬ 
sions of, for example, volatile organic compounds and 
odorous substances are relatively high. Additionally, con¬ 
siderable amounts of a mixture of toxic liquids (like 
alcohols and tars) are produced depending on the con¬ 
version technology and their operation management. 

In industrialized countries, charcoal is produced in 
large, fully automatic industrial devices. In general, 
a differentiation is made between retort and flush gas 
processes. 

• Within the retort processes the charcoal is produced 
in a batch mode within a closed container (i.e., 
retort). Here, the conversion from wood or other 
solid organic matter to charcoal takes place. The 
thermal energy necessary to run this process is 
obtained from the combustion of the gaseous and 
even liquid products released from the biomass 
feedstock during this charcoal production. If there 
is a market the liquid products might be sold. 

• Within continuous charcoal production systems 
(like flush gas processes), the wood (or other solid 
biomass) is moving continuously through a reactor. 
This reactor is characterized by different zones with 
various settings of reaction conditions (e.g., tem¬ 
perature) to ensure that the charcoal is produced 
continuously and efficiently during the migration 
of the biogenic material through the reactor. Here, 
too, the gases and maybe even liquids produced as 
by-products are used as a source of energy to keep 
the coalification process going. Depending on the 
market conditions, the liquid by-products can be 
sold, for example, to the chemical industry. 
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With basically similar processes - but different pro¬ 
cess conditions - the solid biomass can be converted to 
maximize the yield of liquid products (i.e., bio-oil); the 
process conditions where the pyrolysis takes place are set 
to ensure that the main products of the thermochemical 
conversion process is liquid rather than solid or even 
gaseous. Due to extensive research activities carried out 
during the last decades, a broad variety of different tech¬ 
nologies are available in various technical development 
stages attempting to provide pyrolysis oil (i.e., bio-oil), 
which can easily be used as an liquid energy carrier to 
be used, for example, in diesel engines. Besides the use 
as a liquid fuel, bio-oils are also used as a raw material, 
for example, as a flavor substance for meat products. 

With current knowledge, such a conversion of solid 
organic matter to a liquid can most promisingly be 
realized with so-called flash pyrolysis. Here the biomass 
particles are heated up very rapidly (more than 1,000°C/ 
s) and remain in the hot zone for a very short retention 
time (in general less than 1 s). After this very short 
time period, the volatile compounds produced by 
decomposing the organic macromolecules of the solid 
biomass (i.e., lignin, celluloses) and released from the 
organic matter are removed quickly from the hot reaction 
zone. Then they are cooled down rapidly to avoid 
a further decomposition into gases. To date, various 
technological approaches for such flash pyrolysis reactors 
have reached laboratory and pilot stage development 
level. The first semi-commercial plants are even available. 
There is also a commercially viable niche application with 
a very similar technology producing flavor substances. 

One example for the technical realization of this 
principle is a reactor with ablative impact design. Here, 
the organic raw material is decomposed into liquid and 
gaseous components on the surface of a hot rotating 
wheel (Fig. 6). To avoid further decomposition of the 
components released from the solid biomass, these prod¬ 
ucts are removed immediately from the hot zone. After 
that they are quickly cooled down to produce the desired 
liquid energy carrier. Gaseous and solid components are 
also produced, which are used to heat the wheel and/or to 
provide additional products (e.g., charcoal). 

The produced pyrolysis oil is a mixture of different 
hydrocarbons (many of which are partly oxygenated 
and some of which might be toxic) along with solid 
carbon (i.e., charcoal particles), ash particles, and 
water. The actual composition strongly depends 


Solid biomass 


^ Filling operation 



Biomass as Renewable Source of Energy, Possible 
Conversion Routes. Figure 6 

Pyrolysis system based on a hot rotating wheel [1] 

among other influencing parameters on the pyrolysis 
process as well as the specific process conditions, the 
availability of catalysts, and/or the type of biomass. This 
is especially true for the composition and structure of 
the produced hydrocarbons (e.g., chain length, degree 
of double bonding). This bio-oil is in most cases not 
stable in air because the double bounds are oxidized. 
The average heating value of pyrolysis oil is approxi¬ 
mately 40% that of petroleum-based fuels. Also, the 
conversion efficiency between the energy content of 
the solid biomass and the produced bio-oil of the fast 
pyrolysis processes available so far is relatively low. 

The overall development goal of such processes is 
the provision of a liquid energy carrier that can be used 
directly in engines, for example, for the provision of 
heat and electricity (CHP) and/or within the transpor¬ 
tation sector. Thus far, the pyrolysis oil produced in the 
available plants cannot be used directly in existing 
engines. Therefore, the produced oil needs to be 
upgraded within an expensive process. For example, 
charcoal and ash particles have to be removed to ensure 
a clean fuel, and, to increase stability, double bonds 
need to be broken by adding hydrogen. Additionally, 
other measures have to be taken to ensure that the 
viscosity and combustion behavior required by the 
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respective engine is fulfilled. This upgrading process 
lowers the overall efficiency even further and makes 
the overall process even more expensive. 

Gasification 

Gasification describes the conversion of solid biomass at 
high temperatures into a gaseous fuel. The main objective 
of this thermochemical conversion is to transfer the 
maximum possible share of the chemical energy within 
the biogenic feedstock into a gas useable, for example, as 
a source of energy. To realize this for physical and chem¬ 
ical reasons, small amounts of oxidizing agents need to be 
added to this process; this is the difference with pyrolysis, 
where basically no additional oxygen is added to the 
conversion process. 

This so-called “producer gas” can be used, on one 
hand, as a fuel for the provision of heat through direct 
combustion or for the provision of heat and electricity 
(CHP) in engines, turbines, or even fuel cells. On the 
other hand, the producer gas can act as a feedstock for 
the production of liquid and/or gaseous biofuels (like 
Fischer-Tropsch diesel, biomethane, methanol, hydro¬ 
gen) as well as for the provision of bulk chemicals and 
other raw materials. 

Biomass gasification consists of the following, more 
or less spatially distributed, conversion steps: heating 
and drying, pyrolytic decomposition (i.e., extracting 
the volatile components by heat), and gasification 
(i.e., partial oxidation of the products of the pyrolytic 
decomposition, partial reduction of the oxidation 
products [C0 2 and H 2 0 to CO and H 2 ], and simulta¬ 
neous transformation of solid carbon [i.e., charcoal] 
to CO). 

This conversion of solid biomass into an energy 
rich gas is carried out within a broad variety of different 
technical concepts developed during the last decades. 
Each of them offers certain advantages and disadvan¬ 
tages concerning, for example, required feedstock 
characteristics, installed thermal capacity, technical 
efforts, and gas quality. 

These gasification techniques can be subdivided 
related to different criteria such as, for example, reactor 
type (fixed bed or fluidized bed), gasifying agent (air, 
oxygen, or steam), heat supply into the reactor (directly 
or indirectly heated) and reactor pressure (atmospheric 
or pressurized). Here a distinction is made according to 
the reactor type. 


• In fixed-bed reactors (Fig. 7), the feedstock is 
exposed to the gasifying agent in a packed bed 
that slowly moves from the top of the gasifier to 
the bottom, where the ash is discharged. Fixed-bed 
gasifiers are dense-phase gasifiers. They are charac¬ 
terized by a relatively large amount of fuel exposed 
to a limited amount of reactive gas. In fixed-bed 
reactors, the solid feedstock occupies most of the 
reactor volume. Depending on the way of the gas 
flow through the reactor relative to the fuel flow, 
two types of fixed-bed gasifiers are distinguished: 
the updraft and the downdraft type. The former is 
characterized by a relatively cold producer gas with 
a high amount of condensables (i.e., tars) compared 
to the latter (i.e., hot producer gas, low tar content). 
Fixed-bed reactors are used mostly only for small- 
scale applications. 

• Fluidized-bed gasification reactors are lean-phase 
gasifiers having a low ratio of solids to reactor vol¬ 
ume. Typically, the solid feedstock is occupying only 
a small fraction of the total reactor volume. Such 
fluidized-bed gasifiers are classified, depending on 
the intensity of fluidization, as bubbling fluidized- 
bed gasifiers, or circulating fluidized-bed gasifiers. 
Basically, fluidized bed gasifiers are a large-scale 
technology. So far, they are used for CHP applica¬ 
tions. In the years to come, the provision of 
a producer gas to be used for the synthesis of liquid 
or gaseous biofuels might gain more importance. 
Thus, this option is often seen as a key technology 
also for such applications. 

• Within entrained flow gasifier the gasification of the 
biomass particles takes place within a few seconds 
during pneumatic transport through the reactor. 
This requires very small biomass particle diameters 
and high temperatures to complete the gasification 
reactions within this short time. The fuel is typically 
feed in from the top together with the gasification 
agent (steam/oxygen). In the upper part of the 
reactor gasification is carried out and in the lower 
part the producer gas is quenched and separated 
from the ash. The latter is withdrawn in granulated 
form. Producer gas leaves the reactor at the lower 
part. 

• Gasifiers have also been developed that cannot 
easily be classified as belonging to one of the former 
groups but might have features of both. 
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Principle of an updraft gasifier {left) and a downdraft gasifier (right) [1] 


Commonly, the overall goal of such a thermochemi¬ 
cal gasification is not to provide the gaseous fuel itself but 
to provide an easy-to-handle and environmentally sound 
intermediate energy carrier with clearly defined fuel char¬ 
acteristics that can be converted easily into another, more 
valuable, energy carrier (e.g., electricity, biomethane). 
Alternatively or additively, the producer gas can also 
be used as a feedstock for the production of raw 
materials (e.g., bioplastics, lubricants, bulk chemicals, 
pharmaceutics). To reach that goal, an extensive cleaning 
of the producer gas to fulfill clearly predefined threshold 
values and even a conditioning is usually necessary to 
ensure a long lifetime of the downstream conversion with 
its respective processing device. The reason for this is that 
the gas produced within the gasifier does usually not 
match the fuel requirements in terms of condensable 
organic compounds and/or particles. Additionally, the 
producer gas might contain some trace elements (like 
sulfur) that could poison the catalysts used during the 
downstream processing. If this is the case, additional 
expensive gas cleaning steps are necessary. 


For the provision of a gas to be used as a fuel, for 
example, for CHP-systems (e.g., engines, turbines) 
a raw gas cleaning operation - either low temperature 
wet gas cleaning or, alternatively, hot gas cleaning - can 
be applied. The technical maturity and effectiveness of 
wet gas cleaning (e.g., cyclone and filter, scrubbing 
based on chemical and/or physical absorption) has 
been well proven for large-scale coal gasification 
systems. However, not all elements of hot gas cleaning 
(e.g., tar cracking, granular beds and filters, physical 
adsorption or chemical absorption, physical absorp¬ 
tion) are market mature. Nevertheless, hot gas cleaning 
offers benefits for the overall energy balance and avoids 
the production of contaminated waste. 

The cleaned producer gas can be used for the 
provision of electricity within engines or gas turbines. 
The former has been demonstrated already for years 
within the gasification plant in Gussing/Austria, where 
wood chips are gasified and the producer gas is then used 
within an engine-based CHP-plant for the simultaneous 
provision of heat and electricity. Similar systems are in 




































































Biomass as Renewable Source of Energy, Possible Conversion Routes 


275 


operation and under construction or planning in 
other countries. The next development step will be bio - 
mass-based integrated gasification combined cycles 
(IGCC). Such plants allow providing a significantly 
higher share of (valuable) electricity and a smaller share 
of heat. But the technical realization is still quite 
challenging. 

According to the ongoing discussion in energy 
industry and energy politics, biomass gasification is 
currently more in discussion as the key process step 
for the production of synthesized biofuels (Fig. 8) (so- 
called biofuels of the next generation). Such a synthesis 
of a secondary energy carrier based on carbon monox¬ 
ide and hydrogen consists mostly of catalytic induced 
chemical synthesis processes. And these catalysts used 
for the realization of such chemical processes are sensi¬ 
tive with respect to some trace elements (e.g., sulfur). If 
such trace elements are present within the process, the 
catalyst could be poisoned on the shorter or longer 
term. This lowers the technical lifetime significantly 
and makes the process much more expensive. For this 
reason the producer gas has to be characterized - 
depending on the demand defined by the involved 
catalyst - by very low content of impurities that are 
potentially harmful to the downstream processing steps. 


For the provision of a synthesis gas basically the 
same gas cleaning processes and technologies are used 
as for gas cleaning for the provision a producer gas, for 
example, for electricity provision. But due to the much 
more demanding requests and demands on the quality 
of the producer gas (e.g., the amount of unwanted 
impurities) these cleaning technologies are used more 
intensively within combined processes. 

In addition to extensive gas cleaning, the ratio 
between carbon or carbon monoxide and hydrogen, 
for example, within the cleaned producer gas and the 
desired product (i.e., DME, SNG) has to be adjusted 
(i.e., the producer gas has to be conditioned). For 
example, the C to H ratio within the solid biofuel 
(e.g., wood, straw) is in most cases significantly lower 
compared to this ratio in methane or Fischer-Tropsch 
diesel. This makes it necessary in most cases to add 
hydrogen to the overall process (or to remove carbon, 
which is the less promising option). 

Such a necessary adjustment of the gas quality can 
be realized, for example, by a steam reforming step. 
Additionally or even alternatively, the gasification can 
be realized with a gasifying agent rich in hydrogen (e.g., 
water) instead of air or oxygen to add hydrogen already 
at this early stage to the overall process. 


Biomass (i.e. solid fuels) 



Liquid biofuels Gaseous biofuels 


Biomass as Renewable Source of Energy, Possible Conversion Routes. Figure 8 

Possibilities to produce liquid and/or gaseous fuels from producer gas respectively from biomass 
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The cleaned and conditioned gas can then be used 
for the synthesis of liquid and/or gaseous fuels. 
Currently, the following four conversion routes for 
the provision of a liquid or gaseous fuel for transpor¬ 
tation purpose are under investigation and partly 
under development. 

• Fischer-Tropsch Synthesis: 

CO + 2 H 2 -► (- CH 2 -)n + H 2 0 

• Methanol Synthesis: 

5 H 2 + CO + C0 2 -+ 2 CH 3 OH + H 2 0 

• Dimethylether (DME) Synthesis: 

3 CO + 3 H 2 ^ CH 3 OCH 3 + C0 2 ; CO + C0 2 + 
5H 2 ^ CH 3 OCH 3 + 2 H 2 0 

• Methanation: 

CO + 3 H 2 -► CH 4 + H 2 0; C0 2 + 4 H 2 -► CH 4 + 
2 H 2 0 

The synthesis of Fischer-Tropsch diesel, methanol, 
and methane is market mature and in large-scale oper¬ 
ation for decades using fossil fuels (e.g., coal). For 
biomass feedstock, however, this technology is still 
under development. So far, none of these synthesis 
processes are realized on a commercial basis. But due 
to the successful demonstration of the technological 
maturity for fossil fuel energy, it can expected that 
these processes can also be realized successfully for 
biomass feedstock. 

Physicochemical Conversion 

Some biomass components contain fatty and/or oily 
components (e.g., rape and sunflower seeds, coconuts, 
peanuts, corn, palm fruits). The content of the vegeta¬ 
ble oil or fat within the biomass varies quite signifi¬ 
cantly. In some cases, the oil seed may contain 40-45% 
vegetable oil; in other cases the oil content is only 
within the one digit percent range. 

Based on physicochemical processes, the vegetable 
oil or fat can be removed from the organic material in 
its pure form and can then be used as a source of 
energy. Compared to solid biofuels, vegetable oil or 
fat has some outstanding advantages. It is easy to 
store, has a high energy content, can easily be handled, 
and can be used as an energy carrier, for example, in 
existing oil burner for the provision of heat and/or in 
some (older) engines for the provision of heat and 
electricity (CHP). However, just like crude oil, pure 


vegetable oil cannot always be used easily in its raw or 
unprocessed form because the fuel characteristics do 
not necessarily match the fuel standards the conversion 
device (e.g., engine) is designed for. Thus, this organic 
material needs to be additionally processed to fulfill the 
fuel standards valid for the specific application aimed 
for. Such a processing of the crude vegetable oil or fat 
can be realized within a crude oil refinery together 
with crude oil to yield kerosene or diesel fuel (i.e., 
co-rafination). Alternatively, vegetable fats and oils 
can be hydrogenated and/or chemically treated to 
meet the fuel characteristics of conventional diesel fuel. 

Next, the process technology for the provision 
of vegetable oil or fats from oil seeds and the 
provision of a fuel meeting current fuel standards 
are described. 

Oil Production 

Depending on the vegetable oil content, the oil charac¬ 
teristic, and the properties of the oil seed, different 
technical approaches have been developed throughout 
recent centuries to produce the oil or fat in a cost- 
effective way. Basically, these approaches consist of 
one or a combination of the two technical processes, 
pressing and extraction. 

During pressing, the “classical” process for vegeta¬ 
ble oil production used by humans since ancient time, 
the oil is squeezed out of the oil seeds (and therewith 
out of the organic material) based on a one- or two- 
stage pressing process. To achieve a maximum oil yield, 
the organic matter is preheated to lower the viscosity of 
the oil. Two products are obtained as a result of such 
a treatment: the liquid vegetable oil and the solid oil 
cake. The latter still contains 4-10% oil. Sometimes this 
oil cake is used as cattle feed where the remaining oil 
contributes to the nutrition value of this product. Even 
today such processes are still in large-scale operation 
(e.g., traditional olive oil production). 

Alternatively and/or additionally, the vegetable oil 
can be removed from the organic material by means of 
extraction. Such an extraction is realized with the help of 
a solvent (e.g., hexane) applied in a countermovement 
to the biomass containing the oil. This technology has 
been widely employed and optimized for many decades 
worldwide. It is used on a large scale with in all existing 
large industrial oil mills. Within such a technical 
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process, two different material streams are produced: the 
solvent saturated with vegetable oil and the oil-free 
extraction residue saturated with solvent. Therefore, 
the solvent must be removed from both material 
streams. This is usually realized by introducing heat. 
The solvent is evaporated and leaves the material as 
vapor. The solvent vapor is collected, condensed, stored, 
and reused. Compared to pressing, a much higher share 
of the oil originally contained within the biomass (e.g., 
oil seed) can be removed. After extraction the meal 
contains significantly less than 1% oil. In most cases, 
this basically oil-free residue is used as cattle feed. 
Alternatively, this biomass can also be used as 
a substrate for biogas plants or as a fertilizer. 

For oil seeds with high oil content, like rape seed, 
pressing followed by extraction will allow minimizing 
the costs by maximized oil yields and minimized losses. 
But also from a technological point of view the combi¬ 
nation is more promising for such types of biomass. 
Therefore, the decisions about using pressing or extrac¬ 
tion is mainly determined by economic constraints. 

The produced vegetable oil contains about 0.5-6% 
oil-free solid residues originating from the seed. The 
amount of such solids within the oil mainly depends on 
the condition of the pressing aggregate, the realized flow- 
rate, the kind and status of pressed seed, and the water 
content in the oil seeds. These solid impurities have to be 
separated from the vegetable oil by filtration and/or 
sedimentation to prevent possible problems during the 
further downstream processing of the vegetable oil. But 
even after this cleaning step, the vegetable oil is not 
qualified for direct utilization as an energy carrier because 
in most cases it still contains unwanted substances (fatty 
acids, ketones, waxes, pigments, heavy metals, pesti¬ 
cides), reducing shelf life and complicating subsequent 
processing and use. For this reason, a further refining is 
needed. This leads typically to a loss of 4-8% of the usable 
vegetable oil mass through de-acidification, de-coloring, 
and steaming. These processes are also needed for the 
production of vegetable oil as food and fodder as well as 
for the provision of oil as a raw material (e.g., for the 
production of cosmetics or chemicals). 

Pure vegetable oil can be used in some (mostly 
older) existing engines, either for mobile (e.g., in cars 
or especially trucks) or stationary applications (i.e., in 
engine-based CHP systems). In most cases, vegetable 
oil in its natural form lowers engine lifetime and 


increases maintenance requirements because the stan¬ 
dards for fossil fuels (like diesel) are only partly fulfilled 
by crude vegetable oil. Therefore, only under very spe¬ 
cific frame conditions the use of crude vegetable oil is 
a promising option for the transportation sector or to 
provide power (or power and heat (CHP), if required). 
Only for heat provision crude vegetable oil can be used 
in most cases. But due to economic constraints, these 
applications are only very scarce. 

Conversion to a Standardized Fuel 

Due to problems with the use of crude vegetable oil in 
existing diesel engines outlined above, in most cases the 
oil is converted into a liquid fuel fulfilling characteristic 
parameters defined within valid fuels standards. 
Different approaches are possible and realized on the 
market to achieve this goal. 

The most widely realized option to convert refined 
vegetable oil into a standardized fuel is the conversion 
of the oil into fatty acid methyl ester (FAME) (Fig. 9). 
During this process the glycerin is removed from the 
triglyceride, which is the common chemical structure 
of vegetable oil (Fig. 9). To saturate the ester bindings 
instead of the glycerin, methanol or even ethanol is 
added to the remnant. This reaction is realized at 
a certain temperature level and triggered by a catalyst. 

This transesterification process can be transformed 
in various ways into process technology. One example 
for the technological realization is shown in Fig. 10. 
According to this, a mixture of vegetable oil together 
with a catalyst and methanol in surplus (to force the 
reaction into the right direction) is pumped with a low 
velocity through a vertical pipe. The low-flow velocity 
of the liquid ensures that the glycerin produced during 
the transesterification process taking place can settle 
down within the reactor and can then be removed from 
the process. The glycerin can then be cleaned and used 
as a raw material (e.g., within the pharmaceutical 
industry) or as a source of energy (e.g., as an additional 
feedstock for biogas plants). After the removal of the 
methanol not used during the transesterification pro¬ 
cess from the remaining mixture, the liquid is cleaned 
by a multi-stage washing process to fulfill the standard¬ 
ized fuel characteristics. The produced FAME now 
shows characterizing parameters close to those of con¬ 
ventional diesel fuel. This can be used as a fuel either 
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Transesterification of vegetable oil to fatty acid methyl ester [1] 
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Example for a continuously working transesterification process for FAME manufacturing [1] 
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Biomass as Renewable Source of Energy, Possible Conversion Routes. Figure 11 

Hydrogenation of vegetable oil [2] 


within most of the existing diesel-driven power trains 
for cars and trucks or in engine-based CHP-systems 
without any further problems. Additionally, a mixture 
between 0% and 100% with conventional fossil diesel is 
easily possible. This makes the logistics much easier. 

Alternatively to the conversion into FAME, vegeta¬ 
ble oil can be treated with hydrogen under presence of 
a catalyst using the hydrotreating technology usually 
employed in conventional crude oil refineries. The 
product is called hydrogenated vegetable oil (HVO). 
By doing this the partly existing double bonds of the 
vegetable oil are saturated with hydrogen and only fully 
saturated hydrocarbons remain (Fig. 11). Additionally, 
the oxygen that is naturally part of the crude vegetable 
oil molecule is removed from the oil and converted into 
water. This produced water can then be easily removed 
from the process. Also, the glycerin linking the three 
hydrocarbon chains within the oil molecule (i.e., tri¬ 
glyceride) is hydrogenated. During this process (bio-) 
butane is produced. Thus, fully saturated hydrocarbons 
(i.e., alkane chains), water and butane are produced. 
All of these chemicals are desirable within such 
a hydrogenation process. Not desired (but unavoid¬ 
able) is the production of carbon dioxide or even 
carbon monoxide. The former might cause problems 
within the process technology and the latter could 
poison the catalyst needed within the process. 
Therefore, based on technical measures, such a produc¬ 
tion has to be avoided as much as possible. 

Such a hydrogenation is realized within a hydro¬ 
treater, which is also a part of a conventional crude oil 
refinery. Within such a reactor, the chemical reactions 


mentioned above take place. They are supported by cat¬ 
alysts to ensure that hydrocarbon chains are produced 
that fulfill the given fuel specifications. This production 
pathway is market mature and it can be expected that it 
will be used more widely in the years to come. 

Basically the same process can also be realized 
within a conventional crude oil refinery. Here, 
the crude vegetable oil and the crude fossil oil can be 
treated together (so-called co-refining). The vegetable 
oil is mixed with the crude oil fraction coming from 
the atmospheric distillation before it is pumped into 
the hydrofiner. Within the hydrofiner, the hydrogena¬ 
tion of the vegetable oil is realized. In parallel, the sulfur 
originating from the crude fossil oil is converted into 
H 2 S, which is the main task of this system element 
within a conventional refinery to fulfill the ambitious 
sulfur limits set by the government in recent years 
within the refinery products. The gaseous H 2 S can 
then easily be removed from the liquids and converted 
within a Claus process into elementary sulfur. It has 
been shown that co-processing of vegetable oil with the 
diesel or kerosene crude oil fraction within a hydrofiner 
usually available in existing crude oil refineries can be 
realized successfully without major technical problems. 

Basically, all three ways to treat vegetable oil are 
technically feasible and allow the production of a fuel 
fulfilling the existing diesel standards. 

Use 

FAME, HVO, or co-processed vegetable oil can be used 
directly as a substitute for diesel fuel in conventional 
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Biomass as Renewable Source of Energy, Possible Conversion Routes. Table 3 Selected properties of diesel fuel, FAME 
and rape oil (various sources) 



Diesel fuel/light heating oil 

FAME 

Rape oil 

Density (15°C) in kg/m 3 

820-845 

875-900 

900-930 

Viscosity (40°C) in mm 2 /s 

2.0-8.0 

3.08 

78.7 

Flash point in °C 

>55 

130 

Min. 220 

CFPP-value in °C (summer/winter) 

Max. 0 

Max. —20 

Max. 0 

Max. —20 


Sulfur content in mg/kg 

Max. 350 

Max. 100 

Max. 20 

Cetan-value 

Min. 51 

55 


Calorific value in MJ/kg 

42.7 

37.9 

Min. 35 


compression ignition engines or in CHP-systems with 
installed capacities from some tens of kW up to several 
tens of MW. Prerequisite for that is that the treated 
vegetable oil fulfils the existing standards (Table 3). 
Normally, this is easily possible with co-refined vegetable 
oil and HVO. But also with FAME based on rape oil this is 
usually the case. It might be difficult, however, using other 
types of vegetable oil for the production of FAME 
(like palm oil). 

Biochemical Conversion 

All existing organic matter can be decomposed nat¬ 
urally through biological processes. But some of 
these biological degradation processes can be 
harnessed to produce fuels useable in technical 
processes. 

• Composting occurs if oxygen is available. During 
this aerobic biological process biomass is degraded 
by bacteria mainly to carbon dioxide (C0 2 ) and 
water (H 2 0) while releasing low-temperature heat. 
This thermal energy can, in principle, be used via a 
heat pump for heat provision. But, for the time 
being, this option is only of theoretical importance. 
Nevertheless large volumes of biomass are 
composted and the released thermal energy is 
wasted. 

• Under anaerobic (oxygen free) or nearly anaerobic 
conditions, a huge variety of partly very different 
degrading processes are employed by micro¬ 
organisms. Only very few of them are deeply 


understood and used by humans so far. Currently, 
most relevant to energy are ethanol production via 
alcoholic fermentation and biogas (methane) 
production via anaerobic digestion. Nevertheless 
other biochemical conversion processes under 
anaerobic conditions for the provision of energy 
carrier and chemicals are under investigation and/ 
or development. 

Alcoholic Fermentation 

Under anaerobic conditions, sugar (C 6 H 12 0 6 ) can be 
converted to ethanol (C 2 H 5 OH), carbon dioxide 
(C0 2 ), and low temperature heat by yeast (and thus 
by biological processes). Because starch and even cellu¬ 
loses can be transformed more or less easily into sugar, 
biomass fractions containing these components are 
also a potential resource for the production of ethanol 
in addition to naturally sugar-containing crops like 
sugar cane and sugar beet. For fuel, ethanol is needed 
in its pure form and therefore further processing and 
upgrading steps are needed after fermentation has 
taken place. 

Basics Sugar (C 6 H 12 0 6 ) is converted to ethanol 
(C 2 H 5 OH), carbon dioxide (C0 2 ), and low- 
temperature heat by yeast under anaerobic conditions 
according to Eq. 10. 

—> 2C 2 H 5 OH T 2C0 2 T 88k]ymol 


(10) 
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According to this equation, 100 kg of sugar is 
converted into 51.14 kg of ethanol and 48.86 kg of 
carbon dioxide and 400 kj of heat. This thermal energy 
is needed to support the growth of the microorganisms 
realizing the bio-chemical conversion. To reach a quick 
and complete transformation of the available sugar 
into ethanol, additional growth supporter and mineral 
nutrients, as well as an optimal environment (i.e., tem¬ 
perature level, pH-value) are needed. Most bioethanol 
processes are realized at a temperature level between 
25°C and 40°C. This process and the influencing 
parameters are well known because of humanity’s 
long and extensive production of alcoholic beverages. 

Because starch and even celluloses can be converted 
into sugar, such biomass fractions are also a potential 
resource for the production of ethanol in addition to 
naturally sugar-containing crops. 

Substrate Production For fermentation, sugar needs 
to be available in a water solution. The technological 
processes to provide such a sugar solution depend on 
the used feedstock. 

• Biomass containing sugar. Typically sugar is 

produced from sugar cane and sugar beet. 

• Sugar cane is a grass growing mainly under 
tropical conditions containing a sweet liquid 
that can easily be removed by pressing from 
the organic matter. It accounts for about 30% 
of the weight of fresh cane. The fiber remaining 
after pressing (bagasse) is often used as a solid 
biofuel for the provision of the energy needed to 
run a sugar mill and/or an alcohol production 
factory. After several preparation and processing 
steps this liquid can be used as a feedstock for 
alcoholic fermentation. 

• Sugar beet, which grows in temperate climates, 
is first chipped into small pieces from which the 
sugar is extracted by means of water applied in 
countercurrent to the flow direction of the 
chips. The remaining products are the nearly 
sugar-free extracted beet chips, which can 
be used, for example, as a cattle feed or 
a substrate for biogas plants and the water with 
the sugar. After several cleaning steps this 
mixture of water and sugar can be used for the 
alcoholic fermentation. 


• Biomass containing starch. Beside other chemical 
substances cereal, corn, potatoes, topinambur, 
maniok, and other similar crops contain also starch. 
Starch is a polysaccharide consisting of long chains 
of different glucose molecules. To produce sugar 
from starch, this polysaccharide has to be 
decomposed in single saccharide rings by means 
of, for example, biological processes based on 
enzymes. Due to the broad variety of starch- 
containing biomass crops, no typical conversion 
process is available on the market. Therefore, for 
each raw material used so far, a conversion process 
has been developed and optimized in the past. In 
most cases, however, water is added to the chipped 
or milled organic material. The consequence 
is a swelling of the mixture because the water is 
attached to the starch. Due to this process the starch 
becomes a paste. To this paste the respective enzyme 
adapted to each type of biomass feedstock is added. 
Under the right process conditions (e.g., tempera¬ 
ture, pH-value), starch is then converted into sugar. 
And this sugar can then be used as a feedstock for 
the alcoholic fermentation. 

• Biomass containing celluloses. Basically, all organic 
matter contains cellulose as this is one of the most 
important elements of plant material. This is espe¬ 
cially true for lignocellulosic biomass (like wood) 
that cannot be used for food or fodder (and thus 
there is no competition between food and fuel). 
Like starch, cellulose is composed during the plant 
growth from different sugar components. There¬ 
fore, cellulose can be split again into sugar mole¬ 
cules. This can be realized through biological and 
nonbiological processes. The former are based on 
special enzymes still under development and opti¬ 
mization. But the conversion rate of such biological 
conversion routes is still relatively slow and the 
biocatalysts are comparable expensive; therefore, 
commercialization has not taken place so far. The 
latter are realized with an acid-based hydrolysis 
partly supported by a catalyst and thus in 
a “classical” chemical way. Such a hydrolysis process 
is technologically very demanding and character¬ 
ized by a low overall efficiency. Therefore, this 
pathway is not realized on a commercial basis for 
the time being. To minimize the drawbacks of both 
options, R&D activities are focusing on 
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a combination of a chemical and a biological 
conversion. For these reasons so far, alcoholic fer¬ 
mentation based on sugar from celluloses has no 
market importance, but numerous R&D and mar¬ 
ket introduction activities are ongoing in this field. 

Fermentation For alcoholic fermentation, the sugar 
and water mixture is inoculated with yeast catalyzing 
the conversion process. From a technological point of 
view, this can be accomplished in two different ways. 
Discontinuous (batch) operation is usually done for 
small-scale production of high-quality spirits as bever¬ 
ages; continuous operations are used in large-scale 
systems for production of ethanol as a raw material 
for the chemical industry as well as for fuel. Within 
such a continuous operation the temperature as well as 
the pH-value has to be controlled. Additionally, it 
might be necessary to add some nutrients to allow 
a fast and efficient conversion. After fermentation, the 
yeast is removed from the slurry and recycled. 

Production of Pure Alcohol After fermentation has 
taken place, the resulting material contains only 8-10% 
alcohol. The rest is primarily water and among others 
residues from the sugar- or starch-containing organic 
material. To remove the alcohol from this mixture 
distillation and/or rectification are done using a crude 
alcohol column. 

Due to physical reasons, the result of such 
a distillation is an alcohol-water-mixture with a high 
share of alcohol (more than 80%) and a slurry without 
significant alcohol content (i.e., stillage). The latter is 
a by-product and can be used in its dried form as an 
animal fodder and/or fertilizer. It is also suitable for 
biogas production. This technology is in large-scale 
operation worldwide. 

For physical reasons, at best, distillation and recti¬ 
fication will only achieve 95-96% pure ethanol because 
at this concentration water and ethanol forms an 
azeotropic mixture. A mixture of those two substances 
cannot be subdivided based on physical processes (like 
distillation) any more. But bioethanol used as an 
engine fuel must be 99.9% pure. For this reason, an 
additional cleaning step called purification is 
integrated within the overall process. One (older) 
possibility for that is to add a third chemical (expedi¬ 
ent) to the alcohol-water-mixture producing a mixture 


of alcohol-chemical plus water-chemical. Afterwards, 
the chemical is removed from both mixtures and re¬ 
used. Another nowadays more widely used possibility 
is the use of molecular sieves. 

Use In engines, ethanol can be used fully or partly as 
a substitute for gasoline although the lower heating 
value (LHV) of ethanol is lower compared to that of 
gasoline (Table 4). The combustion of ethanol, 
however, requires a lower air volume. Therefore, the 
heating value of the mixture pressed into the cylinder is 
more or less the same for ethanol and gasoline. This is 
the reason why an engine powered by ethanol produces 
the same power as an engine driven by gasoline. 

Nevertheless, internal combustion engines must be 
specially adapted to the use of pure ethanol, because 
ethanol shows a different combustion behavior 
compared to gasoline. Therefore, adaptation kits have 
been developed for several types of engines and been 
successfully used in several countries (e.g., in Brazil). 
Thus pure ethanol is an (expensive) alternative for the 
substitution of fossil gasoline under specific frame con¬ 
ditions to be defined by the respective government. 
One challenge of the use of pure ethanol is that the 
existing distribution networks need to be adjusted and 

Biomass as Renewable Source of Energy, Possible 


Conversion Routes. Table 4 Selected properties of fuels 



Ethanol 

Gasoline 

Carbon-share in % 

52 

86 

Hydrogen-share in % 

13 

14 

Oxygen-share in % 

35 

0 

Net calorific value in MJ/kg 

26.8 

42.7 

Net calorific value in MJ/I 

21.3 

ca. 32.0 

Density (15°C) in kg/I 

0.794 

0.72-0.78 

Viscosity (20°C) in mm 2 /s 

1.5 

0.6 

Boiling point in °C 

78 

25-215 

Flame point in °C 

12.8 

-42.8 

Ignition temperature in °C 

420 

ca. 300 

Evaporation heat in kJ/kg 

904 

380-500 

Minimum air volume in kg/kg 

9 

14.8 

Octane-value 

107 

93 
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persistent problems (like water retention during 
storage) have to be solved. For this reason, in most 
countries bioethanol is not used in its pure form to 
avoid these challenges. Therefore, a low share of etha¬ 
nol is mixed with a high share of gasoline (a maximum 
of 10% ethanol to gasoline). With such a relatively low 
fraction of bioethanol within the usually used gaso¬ 
line, the resulting mixture can be used without any 
known problems in basically all existing gasoline 
driven engines and within the available distribution 
infrastructure. Such a solution is also supported by 
the fact that ethanol contributes still and will con¬ 
tribute in the foreseeable future only to a minor 
extent to cover the demand for transportation fuels. 
Another benefit of such a strategy is that the supply 
is fully secured even if the availability of bioethanol 
is interrupted. 

Alternatively, ethanol can be converted into 
ETBE to be used as a pollution-reducing gasoline 
additive. Bioethanol is also being considered for 
powering fuel cells in future design and 
applications. 

Anaerobic Digestion 

During anaerobic digestion, organic material is 
decomposed in an oxygen-free atmosphere by bacteria 
releasing an energy rich gas, called biogas or, depending 
on where it is produced, landfill gas (LFG) or sewage 
gas. This gas usually contains slightly more than 50% 
methane (CH 4 ), which is the only energy providing 
component. The rest is carbon dioxide (C0 2 ) and 
some impurities of minor importance. Such biologi¬ 
cally driven decomposition of biomass occurs in 
nature, for example, at the bottom of lakes within the 
oxygen-free parts of sediments containing crushed 
organic material, and takes place in oxygen-free parts 
of landfills and dumps where the organic fraction of the 
waste material is converted into landfill gas. 

Basics Degradable organic material and freedom 
from oxygen, nutrients for the bacteria and absence of 
harmful, pathologic, and inhibiting substances are 
needed for a successful biogas production. The organic 
material should also be easily accessible to bacteria. 
Therefore, a slurry of biomass with high water content 
is most promising. 


Well-suited for such an anaerobic digestion are 
material streams where the biomass occurs already 
within an aqueous solution. Typical examples are agri¬ 
cultural residues (e.g., liquid manure, leaves from sugar 
beet), residues from the food processing industry (e.g., 
slurry of fruit and potato processing, some types of 
slaughterhouse residues), and some other waste 
streams (e.g., sewage sludge, organic waste fraction 
from municipalities). Additionally, energy crops like 
maize silage or silage based on a corn-cob-mix can be 
used as a substrate. Only biomass containing high 
shares of lignin like wood cannot be degraded by anaer¬ 
obic bacteria due to biological reasons. 

During the anaerobic digestion process, organic 
matter is degraded by three different kinds of bacteria: 
fermentative, acetogenic, and methanogenic. The first 
two bacteria families degrade the complex organic 
compounds biomass consists of into simpler interme¬ 
diates (Fig. 12). These intermediate products are then 
converted to methane and carbon dioxide by the 
methanogenic bacteria. 

Anaerobic digestion relies on a dynamic equilib¬ 
rium among the three bacterial groups, which is 
influenced, for example, by temperature. Most 
digesters operate in the mesophilic temperature 
regime, which is characterized by temperatures of 
around 35°C. Others operate in the thermophilic 
regime, around 55°C. Up to the temperature of peak 
microbial activity, which depends on the type of the 
involved bacteria groups, higher operating tempera¬ 
tures produce greater metabolic activity within either 
regime. Additionally to that, the pH-value as well as the 
composition of the biomass in relation to easily 
degradable compounds of the organic material affects 
the performance of the bacteria also. For optimal fer¬ 
mentation, pH-values between 6.8 and 7.2 are often 
maintained by use of buffers. Additionally, the avail¬ 
ability or absence of nutrients and/or trace elements 
needed for the growth of the bacteria could influence 
the anaerobic degradation significantly. 

The composition of the produced biogas is typically 
about one half to maximum two thirds methane and 
one third to one half carbon dioxide. Additionally, the 
biogas may contain trace substances such as H 2 S. The 
mixture of the biogas depends on the composition of 
the biomass, the process conditions, and various other 
parameters. The lower heating value (LHV) of biogas, 
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Hydrolysis and digestion Acetate production Methane production 


Biomass as Renewable Source of Energy, Possible Conversion Routes. Figure 12 

Anaerobic digestion process scheme [1] 


which depends basically only on the methane content, 

o 

ranges from 14 to 29 MJ/m . 

Expected biogas yields for different substrates are 
given in Table 5. Already within the animal stomach 
digested substrates like animal manure and droppings 
show in general considerable smaller yields than fresh 
material (e.g., road side green, sugar beet leaves). 

The bacteria mixture realizing the anaerobic 
decomposition of the organic material use relatively 
little of the energy contained within the biomass for 
their own survival; this is one of the reasons why the 
growth rate of these bacteria is relatively slow. Addi¬ 
tionally, they produce only very few (waste) heat; this is 
why the substrate used within biogas plants have to be 
heated. These two facts make this conversion process of 
organic material into an energy rich gas fairly efficient 
compared to, for example, the aerobic conversion 
processes. 

Slurries of organic matter with more than roughly 
66% water ensure optimal process conditions with 
a good access of the bacteria to the organic material. 
Under these circumstances, the gas yield is maxi¬ 
mized. To stabilize and optimize the overall produc¬ 
tion rates, the slurry should be kept stable at a certain 
temperature level corresponding to the temperature 
optimum defined by the used bacterial species. Nev¬ 
ertheless, biogas production will also occur at lower 
temperatures, but essentially stops below 10°C. But 
due to very low conversion rates the biogas 


Biomass as Renewable Source of Energy, Possible 
Conversion Routes. Table 5 Average biogas yields for 
different substrates (various sources) 


Material 

Yield of 
biogas in m 3 /t 
organic dry 
matter 

Material 

Yield of 
biogas in 
m 3 /t organic 
dry matter 

Liquid 

manure 

from beef 

250 

Paunch 

content 

420-520 

Liquid 

manure 
from pork 

480 

Rey straw 

300-350 

Droppings 

from 

chicken 

450 

Potato 

herbs 

560 

Sewage 

sludge 

400 

Sugar beet 
leaves 

550 

Organic 
waste from 
households 

170-220 

Food 

residues 

80-120 

Waste fat 

1,040 

Waste 
water from 
brewing 
industries 

500 

Roadside 

green 

550 

Waste 
water from 
sugar 
industries 

650 
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production on such low temperatures has no impor¬ 
tance for technical processes optimized to maximize 
the space time yield. 

Process Technology The biological degradation pro¬ 
cess can be transformed into process technology, taking 
the substrate characteristics as well as the demands of 
the bacteria into consideration. Due to very different 
substrates as well as changing bacteria groups a broad 
variety of different concepts for an optimized biogas 
production have been developed. And this develop¬ 
ment is still ongoing with the overall goal to increase 
the space time yield. 

A biogas plant as shown in Fig. 13 is a typical 
example for a small scale plant using agricultural sub¬ 
strates available within industrialized countries. Within 
such a plant, preparation of the feedstock is needed that 
might include short-time storage, sedimentation of 
mineral contaminants (like sand, stones), crushing 
the organic material into small pieces (if necessary), 
mixing of different types of feedstock to maximize the 
gas yield and to harmonize the substrate composition, 


and heating to the temperature level the biogas plant 
operates. After this preparation, the feedstock is 
pumped into the biogas reactor where the anaerobic 
fermentation takes place. For successful operation and 
a maximized gas yield, the bacteria must always be well- 
mixed with the organic material to be decomposed; 
therefore, a respective system element is conclusively 
needed. It is also important to realize a good tempera¬ 
ture distribution within the reactor. Within the exam¬ 
ple shown in Fig. 13, this is realized by a heater that is 
integrated within the reactor together with the mixer. 
The biogas is removed from the top of the plant and, 
after removal of impurities like water and particles, 
stored before use as a source of energy is realized. 
Depending on the substrate, sulfur has to be removed 
from the biogas for environmental reasons and to 
extend the technical lifetime of the plant (i.e., H 2 S 
forms with water an acid responsible for an increased 
corrosion). Especially in agricultural biogas plants, this 
is realized by a biological process where the H 2 S occur¬ 
ring within the biogas is reduced to elementary sulfur 
by specific bacteria groups. 


Combined heat and power system 



Biomass as Renewable Source of Energy, Possible Conversion Routes. Figure 13 

Small scale biogas plant using animal manure as feedstock and commonly used in countries like Denmark, Germany, and 
Austria [3] 
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The digested material is removed from the reactor 
and stored in a tank where a small amount of addi¬ 
tional biogas is produced. Therefore, this storage facil¬ 
ity should be covered gas tight to avoid the release of 
the produced gas into the atmosphere because methane 
as the most important component within the biogas is 
harmful to global climate. This digested slurry can be 
used as a fertilizer, because it contains the nitrogen as 
well as all the other trace elements originally part of the 
feedstock and needed to allow plants to grow. Thus, 
bio gas technology could help to close the nutrient 
cycle. This is of increasing importance for the environ¬ 
mentally sound management of organic material. 

Biogas as a Fuel So far biogas is used mainly in 
a boiler, stove, or engine for the provision of heat, 
mechanical power, and/or electricity. From a systems 
point of view, the use within a CHP unit is most 
promising related to the overall energetic and exergetic 
efficiency. Part of the heat and electricity produced 
within such a coupled process is often partly used for 
heating up the feedstock and running the electrically 
driven system elements of the plant. Such a system 
layout is most widely used in industrialized countries. 

Alternatively or additionally, biogas can also be feed 
into the natural gas system. This requires an upgrading 
of the biogas to fulfill the gas standards valid for the gas 
distribution system. Such a feed-in of the biogas 
upgraded to biomethane is realized in an increasing 
manner in Switzerland, Germany, and Sweden, for 
example. Based on that feed-in into the gas grid, the 
biomethane can be used highly efficient within the heat 
market (with condensing-boiler technology), the elec¬ 
tricity market (with IGCC plants), and/or the trans¬ 
portation market (within CNG vehicles). The use as 
a transportation fuel seems to be an especially 
promising option due to the very high hectare-specific 
conversion efficiency. 

Future Directions 

Biomass as an energy carrier will continue to be an 
important source of energy within the global energy 
system. Political efforts to reduce greenhouse gas emis¬ 
sions will continue to grow in the years to come and 
thus support the use of biomass as an energy carrier. 
This development will additionally be supported as 


prices for fossil fuel energy move upwards and as 
awareness grows of the unwanted effects on global 
climate of the use of fossil fuel energy. 

But, the limited biomass resources are also needed 
to meet the demand for food and fodder as well as 
for raw material. To meet the growing demand for 
bioenergy against this background biomass conversion 
technologies are forced to convert the biomass highly 
efficient into heat, electricity, and/or power not only 
due to the resulting economic constraints. The biomass 
conversion technologies must be technologically reli¬ 
able, environmentally sound, socially acceptable, and 
economically feasible. Due to the long history of the 
energetic biomass use and the successful R&D activities 
in recent years, especially within the European Union, 
already today a wide range of conversion technologies 
fulfilling these criteria are available for the provision of 
useful energy and/or secondary energy carrier from the 
various biomass fractions available on the market. These 
conversion plants are designed mostly to be used in 
industrialized countries. Nevertheless, the development 
of further improved systems for industrialized as well as 
for developing countries will remain on the R8cD agenda 
for academia and industry with highest priority in the 
years to come. This is especially true due to the fact that 
heat provision from solid biomass in developing 
countries (which is globally the biggest single energy 
market for biomass) is still realized in a very inefficient 
and environmentally harmful manner. 

The foreseeable shortage in biomass available to be 
used as an energy carrier and the resulting price 
increase makes it necessary in the future to further 
optimize the overall provision chain. Improved and 
new biomass conversion technologies can only be oper¬ 
ated with a maximum technical, economic, and envi¬ 
ronmental benefit if they are embedded within an 
overall provision chain where the different single pro¬ 
cesses covering the life cycle from biomass to bioenergy 
(i.e., from cradle to grave) are interlinked in an optimal 
way. Therefore, another important task for the years to 
come is it to develop procedures and tools for the 
assessment and optimization of overall provision 
chains. This is especially true for the optimal definition 
of the interface between different processes composing 
an overall provision chain. 

Besides better conversion systems embedded in 
improved provision chains, the biomass available for 
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energy purposes must be expanded. Increasing demand 
for biomass by a globally fast growing population of 
humans has to be taken into consideration. Therefore, 
this goal can only be achieved if better agricultural and 
forestry management schemes are developed and 
implemented based on existing and “new” cash crops 
with significantly higher yields in average. Such mea¬ 
sures are probably not sufficient to cover the increasing 
demand for biomass from the food and fodder mar¬ 
kets, and the markets for biomass as a raw material and 
the energy markets. For this reason, the limited bio¬ 
mass resources must be used more efficiently - and this 
is true for all markets. 

Based on such measures, it can be expected that 
biomass for energy can contribute increasingly to help 
meeting some of the global energy demand in 
a technical feasible, environmentally promising, and 
economic sound way. 
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Glossary 

Biomass Includes all kinds of material that were 
directly or indirectly derived not too long ago 
from contemporary photosynthesis reactions, 
such as vegetal matter and its derivatives. 

Biogas A mixture of mainly methane and carbon 
dioxide produced by bacterial degradation of 
organic matter and used as a fuel. 

Biofuel Fuel derived from organic matter (obtained 
directly from plants, or indirectly from agricultural, 
commercial, domestic, and/or industrial wastes) 
instead of from fossil products. 

Renewable energy Energy, which is energy generated 
from natural resources such as sunlight, wind, rain, 
tides, and geothermal heat, which are renewable 
(naturally replenished). 

Combustion A chemical reaction that occurs between 
a fuel and an oxidizing agent that produces energy, 
usually in the form of heat and light. 

Gasification Any chemical or heat process used to 
convert a substance to a gas. 

Environment Most commonly used describing “nat¬ 
ural” environment and means the sum of all living 
and nonliving things that surround an organism, or 
group of organisms. 


Electricity generation The process of creating elec¬ 
tricity from other forms of energy. 

Combined heat and power The use of a heat engine or 
a power station to simultaneously generate both 
electricity and useful heat. 

Subject Importance and Definition 

Biomass contributes worldwide around with more 
than 10% to the overall primary energy consumption. 
Whereas the majority of this is the traditional utiliza¬ 
tion of biomass (firewood) in developing countries, 
a substantial portion is also used for electricity gener¬ 
ation. In 2009, biomass contributed almost 10% to the 
overall renewable energy electricity generation world¬ 
wide [10, 18]. 

Subject of this article is therefore the description of 
the state-of-the-art technologies, environmental 
impacts including greenhouse gas emission balances, 
as well as financial aspects of using biomass for elec¬ 
tricity generation by means of combustion. 

Biomass can be converted by various types of 
technologies to a solid, liquid, and/or gaseous fuel. 
Solid biomass can be burned in boilers to run, e.g., 
steam turbines or steam engines. Biogas can be 
combusted in engines; this is also true for liquid biofuels 
like biodiesel or bioethanol. The latter two options can 
of course also be burned in a boiler to produce steam and 
then electricity. As it can be seen from this, the general 
term “biomass combustion to electricity generation” 
includes a very wide spectrum of different technologies. 

However, within the modern electricity sector the 
widest application by far is to burn solid biofuels. With 
the resulting thermal energy a water-steam cycle is oper¬ 
ated to produce electricity through a steam turbine and 
an electric generator. Therefore the focus of this article is 
related to this way of energy conversion. 

Introduction 

Biomass is the oldest way of satisfying the energy 
demand of humankind. Historically, using firewood 
was for a long time the only way of satisfying the energy 
needs of human beings. 

When the electricity sector started to develop in the 
late nineteenth century, the main energy sources used 
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for the conversion into electricity have been for a long 
time coal and oil. Then in the 1950s and 1960s the 
introduction of nuclear energy followed. Nowadays, 
additionally, natural gas and all types of renewable 
energies are used for electricity generation. It was only 
in the last 3 decades, starting with first biomass and 
biogas plants in the 1970s, that biomass was also 
regarded as a possible energy source for the grid- 
connected electricity generation. First applications 
came along mostly in Western Europe, here mainly 
in Scandinavia, and in the USA. For example, in the 
early 1980s about 850 MW of biomass power plant 
capacity had already been operated grid-connected in 
California [1]. 

The term “biomass combustion to electricity gen¬ 
eration” is defined broadly and covers a wide spectrum 
of possible conversion technologies. For this reason, 
the focus of this paper is put on the combustion of 
solid biomass and the use of a water-steam cycle. 
For this so defined subject, this article provides 
a comprehensive overview of technology, environmen¬ 
tal and financial aspects, whereby the major focus is put 
on technology. Within this part, the article tries to 
follow the energy conversion path from biomass (and 
briefly extending this energy chain before the biomass 
formation to solar energy) to electricity. 

Therefore, after a general overview of the energy 
conversion path from solar energy to electricity (sec¬ 
tion “Biomass Chains for Electricity Generation”), the 
technical description starts with the discussion of the 
origination of biomass which can be used for combus¬ 
tion together with some key features of biomass (sec¬ 
tion “Key Properties of Biomass”). This is followed by 
the description of the energy conversion pathway from 
the solid biofuel to the electricity to be feed into the 
grid (section “Energy Conversion Technology”). This 
part starts with an overall presentation of the energy 
chain from biomass to electricity. After a description 
of preprocessing, transportation, and storage of bio¬ 
mass, the different conversion steps of biomass are 
presented - (1) from chemical to thermal energy, 

(2) from thermal energy to mechanical energy, and 

(3) from mechanical energy to electrical energy (sec¬ 
tions “Conversion of Chemical into Thermal Energy” 
to “Electric Energy Transformation”). Of the various 
conversion steps, combustion and gasification are 
explained. Additional plant components are discussed 


to round up the technical picture given (sections 
“Other Plant Components” and “Ash”). 

After analyzing the environmental impacts (section 
“Environmental Impacts”), including carbon foot¬ 
printing and an excursus on biomass co-firing as 
a very important side-topic within the biomass to 
electricity subject (section “Excursus: Co-firing Con¬ 
cepts”) an overview of the actual cost situation is given, 
together with an example for a financial calculation 
(section “Cost Analysis”). 

Finally an overview of the actual market status is 
given followed by a discussion on the future perspec¬ 
tives of biomass in the electricity sector (section 
“Future Perspectives”). 

Biomass as Energy Carrier 

The energy on earth origins from three different 
primary energy sources: solar radiation, geothermal 
heat, as well as gravitation and motion of planets. 
Out of this, solar radiation has by far the largest 
share [16]. 

From these three natural sources a broad variety of 
different further energy streams or carriers are resulting 
on earth. This can be seen in Fig. 1. From all the 
different energy sources provided indirectly by solar 
energy (like wind, hydro, wave) biomass is one of 
these energy carriers representing stored solar energy. 

Additionally, Fig. 1 shows in green the principle 
path of biomass combustion to electricity generation 
and its utilization, which is the subject of this article. 
According to this, the conversion pathway under con¬ 
sideration here is from solar energy over biomass to any 
kind of energy conversion within a thermal power 
plant, in which, beside boilers and other plant compo¬ 
nents, the key component is the facility, in which ther¬ 
mal energy is converted into mechanical energy, which 
can either be a turbine or an engine. Beside this major 
path, biomass also can be converted into electricity by 
means of using fuel cells. However, this application is 
actually only of minor importance due to its high cost 
and therefore not further analyzed below. 

Within a photosynthetic process, solar radiation is 
converted into organic material. Animal biomass 
results from this type of biomass via the food chain. 
Based on this, a definition of biomass can be derived: 
biomass includes all kinds of materials that were 
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Biomass Combustion for Electricity Generation. Figure 1 

Energy sources on earth; solar-biomass-heat-electricity path in green (According to [6], with own adjustments) 


directly or indirectly derived not too long ago from 
contemporary photosynthetic reactions, such as vege¬ 
tal matter and its derivatives: wood fuel, wood derived 
fuel, fuel crops, agricultural and agro-industrial by¬ 
products, and animal by-products [12]. 

The term biomass does not include all materials 
based on organic molecules (hydrocarbons), e.g., plas¬ 
tics. Additionally most of the definitions, like the 
above, does not include fossil organic material like 
peat and (petroleum based) oil. 

Biomass therefore includes vegetal and animal 
mass (plants and animals), the resulting residues (e.g., 
animal excrements), dead (but not fossil) plant 
material (e.g., straw) and animal mass, as well as mate¬ 
rial resulting from technical conversion and/or 
a material utilization processes (e.g., paper, vegetable 
oil, alcohol) [6]. 


Biomass Chains for Electricity Generation 

For the conversion of biomass to electricity, 
a number of processing and energy conversion steps 
are needed. The variety of the respective process and 
supply chains for biomass-to-energy and how herein 
the pathway to electricity is embedded is shown in 
Fig. 2. When talking about biomass combustion to 
electricity, usually any kind of solid biomass is used. 
This is very often true for residues, mostly from plant 
material to be harvested or collected. Then the biomass 
is transported from its location of origin either directly 
to the location of the combustion plant or any kind of 
pretreatment facility. The biomass is then feed as a solid 
fuel into the boiler. 

Biomass is then converted into heat within the 
combustion process. Afterward this heat is transferred 
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Biomass Combustion for Electricity Generation. Figure 2 

Schematic of the typical process and supply chains of providing end use out of biomass (in green: process chains, which are 
the most common ones with regard to electricity generation through combustion of biomass [6] 


first into mechanical energy via any kind of turbine or 
engine and afterward into electricity via a generator. 

An efficient use of biomass through the combustion 
process usually involves a combination of using elec¬ 
tricity and heat in parallel as final energy, thus speaking 
about combined heat and power plants (CHP). 

In the following descriptions, the focus is on systems 
based on combustion as well as on heat and power 
generation facilities. This facility is in most cases associ¬ 
ated with a number of side facilities needed for a proper 
functioning of the whole plant. Among them are biomass 
pretreatment facilities and storage facilities. 

Key Properties of Biomass 

The whole process of biomass utilization to electric¬ 
ity generation is influenced by the physical charac¬ 
teristics as well as the chemical composition of the 


solid biofuel. Some of these characteristics most 
important with regard to biomass combustion are 
discussed below. 

The heating value (IT Z , also called net calorific value, 
NCV) is the amount of heat released in case of 100% 
oxidation without considering the condensation 
enthalpy of the water contained in the flue gas in 
form of water steam. The gross calorific value (GCV) 
is defined as the net calorific value (NCV) plus the 
condensation enthalpy of the water steam (i.e., water 
formed during combustion and water already 
contained in the fuel). The gross calorific value 
(GCV) of biomass of lignocelluloses biomass varies in 
a small bandwidth around 18.5 MJ/kg only. Some 
examples are shown in Table 1. 

The water (or moisture) content varies greatly 
within one and between different types of biomass, 
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Biomass Combustion for Electricity Generation. Table 1 Water content, gross calorific value, net calorific value, bulk 
density, and energy density of biomass fuels [6] 



Water content 
(wt% w.b.) 

GCV (MJ/kg 
d.b.) 

NCV (MJ/kg 
w.b.) 

Bulk density (kg 
w.b./m 3 ) 

Energy density 
(MJ/m 3 ) 

Wood pellets 

10 

19.8 

16.4 

600 

9,840 

Woodchips - hardwood - 
pre-dried 

30 

19.8 

12.2 

320 

3,900 

Woodchips - hardwood 

50 

19.8 

8 

450 

3,600 

Woodchips - softwood - 
pre-dried 

30 

19.8 

12.2 

250 

3,050 

Woodchips - softwood 

50 

19.8 

8 

350 

2,800 

Grass - high-pressure bales 

18 

18.4 

13.7 

200 

2,740 

Bark 

50 

20.2 

8.2 

320 

2,620 

Triticale (cereals) - 
high-pressure bales 

15 

18.7 

14.5 

175 

2,540 

Sawdust 

50 

19.8 

8 

240 

1,920 

Straw (winter wheat) - 
high-pressure bales 

15 

18.7 

14.5 

120 

1,740 

Olive residues (from 2-phase 
production) 

63 

21.5 

6.1 

1,130 

6,890 

Olive residues (from 3-phase 
production) 

53 

22.6 

8.5 

650 

5,530 


GCV gross calorific value, NCV net calorific value, d.b. dry basis, w.b. wet basis 


the season of the year, and the time between harvesting 
and energetic utilization. The water content is often 
related to the amount of fresh biomass and therefore 
describes the amount of water, which is inside the wet 
biomass. Another term to express the amount of water 
in biomass is the moisture (or moisture content). 
Mostly the biomass moisture is related to dry basis: 
the weight of water contained within the lignocellulosic 
biomass expressed as a percentage of the weight of the 
oven dry biomass. Usually the water content of biomass 
varies between 10% and 50%; some examples are given 
in Table 1. 

Water content and heating value are closely related 
and this relation is linear within some areas. Whereas 
water free biomass has a gross calorific value of 18.5 
MJ/kg, biomass with a water content of 40% has a gross 
calorific value of only 10 MJ/kg. Usually for air-dry 
wood or straw, the water content varies between 12% 


and 20% and therefore the gross calorific value are in 
a range from 13 to 16 MJ/kg. Wood coming fresh from 
the forest has a water content of sometimes around 
50% and in such cases the heating values is around 
8 MJ/kg. 

Solid dry lignocellulosic biomass consists mainly of 
carbon, hydrogen, and oxygen. Carbon is the most 
important one. For example, wood has a carbon 
content of almost 50%. Oxygen counts for little 
more than 40%. The hydrogen content is usually 
less than 10%. Other components are nitrogen (N), 
and trace elements like potassium (K), phosphorous 
(P), sodium (Na), calcium (Ca), magnesium (Mg), 
sulfur (S), and chlorine (Cl). Other trace elements 
like, e.g., silicon (Si) or iron (Fe) are also included 
in the biomass, but are of less significance. 

The ash content of biomass fuel varies within 
a broad range from approx. 0.5% for, e.g., clean 
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wood without bark up to more than 10% for some 
straw and cereal assortments. It can go even higher 
if the fuel is contaminated with impurities (like 
demolition wood). The ash content of the biomass 
influences the technology of de-ashing and the com¬ 
bustion technology. Transport and storage of the 
ash produced also depends on the ash content of 
the fuel. Fuels with low ash content are better suited 
for thermal utilization than fuels with high ash 
content, as lower amounts of ash simplify de- 
ashing, ash transport and storage, as well as utiliza¬ 
tion and ash disposal. Higher ash content in the fuel 
usually leads to higher dust emissions and has an 
influence on the heat exchanger design, the heat 
exchanger cleaning system, and the dust precipita¬ 
tion technology. 

The ash melting temperature is very important for 
the combustion processes. High process temperatures 
initiate ash melting, forming solid deposits, which 
might result in loss of efficiency, plant breakdown and 
high maintenance. Low ash melting temperatures are 
characteristic for most of the herbaceous biomass (e.g., 
straw, rice husk), while woody biomass does normally 
not cause problems related to ash melting (see 
Chapter 5.9). 


Energy Conversion Technology 

In a typical facility “Biomass Combustion for Electric¬ 
ity Generation” the following energy conversion steps 
are taking place: 

1. Conversion from chemical energy into thermal 
energy (heat) 

2. Conversion from thermal energy into mechanical 
energy (usually rotational energy) 

3. Conversion from mechanical energy into electrical 
energy 

The biomass enters into this energy conversion 
chain in an already pre-processed form. At the end of 
the energy conversion chain, the electricity is feed into 
the grid to be transported to the end-users. An addi¬ 
tional interface might be a district heating system or 
a single major heat user (e.g., an industrial company 
with a high low temperature heat demand). In this case 
the system is designed as a combined heat and power 
station. 

Figure 3 shows the general flow diagram and the 
interfaces of such a biomass to electricity generation 
facility. According to this there are other interfaces - or 
better to say - input/outputs into the energy 
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Energy chain of biomass combustion for electricity generation 
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conversion chain: ash, gaseous emissions, energy losses, 
air and, in most cases, water for cooling purposes. 

In order to operate the energy conversion chain 
described above, different devices are needed. Theses 
major plant components are: 

• Biomass preprocessing plant (if needed, sometimes 
not located at the combustion site) 

• Biomass storage (open or closed) 

• Firing unit 

• Steam generator (i.e., boiler) 

• Water-steam cycle including feed water pump 

• Steam turbine (or steam engine, Stirling engine, 
etc.) 

• Generator 

• Transformer 

• Flue gas treatment facility 

• Back cooling facility for the condenser 

• Ash disposal 

• Other plant components 

• Pumps and auxiliary motors 

• Pipes 

• Fresh water supply 

• Feed water preparation system 

Additionally other units are of great importance for 
the plant as well, e.g., instrumentation and control 
system (I&C). But they do not have any direct influence 
on the energy conversion chain. They are therefore not 
discussed in further detail here. 

Below the major processes and their main compo¬ 
nents of this energy conversion chain are described in 
detail. 

Biomass Preprocessing 

The biomass fuel is usually pre-processed already 
before it arrives at the combustion site. It is then either 
burned directly in the form of arrival, or another 
preprocessing step is taking place at site. 

Fuel pretreatment includes all steps necessary to 
produce an upgraded biofuel from a lignocelluosic 
biomass resource or from various kinds of organic 
waste materials (e.g., waste wood, demolition wood). 
The reasons for such a pretreatment step can be 
manifold: (1) homogenization for better handling 
during storage and feeding into the combustion 
chamber as well for better combustion and (2) 
reduction of impurities to improve the fuel resp. 


the combustion quality. All this finally aims to 
increase the efficiency, to increase the technical 
availability, to lower the environmental impacts 
(emissions, ash volume), and to reduce the invest¬ 
ment cost as well as the operation and maintenance 
cost at the power plant. 

For the purpose of large biomass combustion 
plants, usually the following preprocessing possibilities 
are of importance: 

• Wood fuel (e.g., shrubs, bushes, forest residues, 
stems or bark up to a diameter of around 50 cm, 
sawmill residues, demolition wood) is usually 
chipped in wood chippers. The main purpose of 
this is to reduce the particle size. Common types of 
wood chippers are disk chippers and drum 
chippers. 

• Mostly wood is chipped decentralized directly at the 
harvest site. However, under specific frame condi¬ 
tions also a large-scale centralized chipping can be 
an economic viable solution. 

• Additionally also mills are used to further decrease 
the particle size of already pre-chipped wood. These 
could be hammer mills or grinding mills. 

• Beside particle size reduction, other pretreatment 
processes are grading, drying, conditioning, and 
cooling. 

• Pelleting is a combination of several of these pro¬ 
cesses. The production of pellets might make sense 
economically under certain frame conditions. 

At the end of the various preprocessing steps, the 
biomass fuel must fulfill the specification required by 
the combustion device. This specification itself 
depends on the technology and the individual design. 
For a typical grate firing device designed for burning 
woody biomass the specification is given exemplarily in 
Table 2. 

Biomass Storage 

The main purpose of a storage facility at a conversion 
plant is to bridge the time span between the provision 
of the biofuel free plant gate and its energetic utiliza¬ 
tion within the plant. 

Biological Processes During Storage Biological 
processes take place during the period where the 
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Biomass Combustion for Electricity Generation. Table 2 Fuel specification of a typical 5 MW biomass power plant, 
located in Germany, burning solid residual wood 


Size of wood chips 

Class 

Mass fraction of relevant particle size area 

Extremum 1% outliers 


Max. 20% (mm) 

60-100% (mm) 

Max. 20% (mm) 

Max. 4% (mm) 

Cross-section 

(cm 2 ) 

Length (cm) 

G 100 coarse 

>63 

63-11.2 

11.2-1 

<1 

10 

25 

<150 

Heating values of fuels 

Description 

Fraction (v%) 

Heating value (kWh/kg) 

Heating value (MJ/kg) 

Woody landscape conservation crop 

0-60 

1.9 

7.2 

Forest clearance wood 

0-30 

2.9 

10.5 

Forest residues 

0-100 

2.8 

10.4 

Filter spill 

0-20 

1.8 

6.5 

Av. values 


2.6 

9.36 

Ash content 

Class 

Ash content (dry) 

Description 

A5 

<10% 

Normal ash content 

A6 

>10%, <15% 

Increased ash content 

Bulk density of wood chips 

Class 

Limiting value (bulk density in kg dm/m 3 ) 

Description 

S 160 

<160 

Low bulk density (spruce, fir, poplar, willow) 

S 200 

160-200 

Medium bulk density (pine, larch, birch, alder, maple, elm, Douglas fir) 

S 250 

>200 

High bulk density (oak, robinia, ash, beech) 

Chemical analysis of dry fuel mixture 



Design 

Variation 

Carbon (C) 

Mass-% 

50 

50.6-54.5 

Hydrogen (H) 

Mass-% 

5.5 

47-6.8 

Nitrogen (N) 

Mass-% 

0.6 

0.1-1 

Sulfur (S) 

Mass-% 

0.1 

<0.1 

Chlorine (Cl) 

Mass-% 

0.1 

<0.1 

Ash content (dry) 

Mass-% 

10 

1.5-15 

Sand content 

Mass-% 

<2 


Other limitations 

Energy density 

MJ/m 3 

2,160-3,000 



MWh/m 3 

0.60-0.83 



MWh/m 3 /40 min 

0.05 


Ash sintering point 

°C 

>1,000 
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biomass is stored within the storage facility. The most 
important process is an aerobic degradation of 
organic matter (composting). One effect of such deg¬ 
radation is self-heating, which can even result in self¬ 
ignition. This may take place if the storage facility is 
not controlled and maintained properly. The velocity 
of such self-heating might vary significantly. It 
depends on the water content, material structure, 
material density, amount and volume of material, 
type of storage facility, type of biomass, impurities, 
storage and ambient temperature, oxygen concentra¬ 
tion in the storage facility, and finally the initial 
amount of bacteria and fungi within the biomass. 
Another important effect of such biological processes 
during biomass storage is the appearance of bacteria 
and fungi itself. 

This storing biomass is connected with several risks: 

• Loss of matter 

• Self-ignition 

• Growth of bacteria and fungi, which can be a health 
risk (e.g., allergic reaction) 

• Smelling 

• Increase of the water content 

• Agglomeration due to freezing 

• Decomposition and fine abrasion 

• Discharging water, respectively, leakage water 

Storage Facilities Biofuels can be stored within 
ground storage facilities (i.e., open-air) and in build¬ 
ings. Both types can be found at biomass-to-electricity- 
generation plants. 

Wood, wood chips, etc., are very often stored 
directly on the ground. Since at the site the biomass is 
stored only a few hours up to a couple of days, usually 
no rain or snow protection device is used. 

The advantage of storing biofuels in buildings is the 
better protection against rain or snow. Storage containers 
can be either simple halls or silos. But always an adequate 
air ventilation system has to be installed to avoid ( 1 ) an 
unwanted self-heating and (2) condense water genera¬ 
tion and the resulting damages to the building. 

The storage is charged and discharged either with 
wheel-mounted front loaders or - in case of larger 
facilities - the lorries are directly unloading the biomass 
onto an automatic feeding system, which can be push 
floors, different types of screws or crane facilities. 


Conversion of Chemical into Thermal Energy 

In most of the existing biomass-to-electricity plants, 
the conversion from chemical energy within the biofuel 
into thermal energy is realized by combustion. The 
device in which this takes place is in most cases 
a boiler - which is a combination of combustion device 
and steam generator. 

However, solid biomass can also be converted into 
a liquid or gaseous secondary energy carrier. Such 
energy carriers can be burnt in a boiler as well. How¬ 
ever, in most cases they are burnt in other devices. 
These are either of the following: 

• Internal combustion engines (piston motor 

engines) 

• Combustion chambers of gas turbines 

• Other forms of devices (not common) 

Combustion Ideally combustion can be defined as 
the complete oxidation of any kind of fuel. Overall, it 
is an exothermic chemical reaction between a fuel and 
an oxidant releasing heat. The release of heat can result 
in the production of light in the form of either glowing 
or a flame [6, 9, 12]. 

This chemical reaction can be described by means 
of a sum formula, wherein the biomass, consisting 
mainly of carbon (C), oxygen (O), and hydrogen (H), 
reacts with oxygen (0 2 ) to form the products carbon 
dioxide (C0 2 ) and water (H 2 0) (Eq. 1): 

/ m p\ m 

CnH m Op -f- ^n + — —j 0 2 —> nC0 2 + — H 2 0 

(i) 

This total combustion process can be divided 
into the following processes: drying, pyrolytic 
decomposition, gasification, and (complete) oxida¬ 
tion. For the individual particle it is a sequence of 
these processes; however, all takes place in parallel 
in the firing device. 

During the drying phase, the water within the bio¬ 
fuel is evaporated at temperatures below 150°C. During 
this phase the biomass is not destroyed. Vaporization 
requires energy released from the combustions process. 
Therefore it lowers the temperature within the com¬ 
bustion chamber by slowing down the combustion 
process. With regard to biomass, this means that if 
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the water content exceeds a certain percentage (e.g., 
60%), the combustion process cannot be maintained: 
the wet biomass requires too much energy to evaporate 
the moisture and subsequently to heat the water vapor 
that the temperatures within the combustion device are 
reduced below the minimum temperature required to 
sustain combustion. 

Pyrolytic decomposition is defined as thermal deg¬ 
radation at temperatures between 150 and 500° C in the 
absence of an externally supplied oxidizing agent. The 
excess air coefficient is zero. A number of variables 
influence the amount and the properties of the prod¬ 
ucts formed during this endothermic process. These 
influencing parameters are mainly fuel type, tempera¬ 
ture, pressure, heating rate, and reaction time. Fast 
heating rates favors the formation of products liquid 
under standard conditions. Slow heating rates provide 
mainly tar and charcoal as well as low molecular weight 
gases. Among them, CO and C0 2 are formed in con¬ 
siderable quantities. 

Gasification is defined as the conversion of a solid 
(e.g., charcoal remaining after the pyrolytic decompo¬ 
sition has been taken place) into a gaseous fuel within 
an endothermic process in the presence of an externally 
supplied oxidizing agent. The excess air coefficient is 
between 0 and 1, resulting in a partial oxidation. Gas¬ 
ification takes place within a temperature range 
starting from approx. 400°C up to more than 
1,000°C. The products of the gasification step are com¬ 
bustible product gases, which contain as major com¬ 
ponents carbon monoxide (CO), carbon dioxide 
(C0 2 ), hydrogen (H 2 ), methane (CH 4 ), and water 
(steam) (H 2 0). In case air is used for oxidation, also 
nitrogen (N 2 ) and nitrogen compounds like nitrogen 
oxides are included within the product gas. In addition, 
usually small portions of undesired by-products (like 
tar, ammonia, hydrogen sulfide, ash) are within the 
product gas. 

Oxidation is the last step and (ideally) means the 
complete oxidation of the products resulting from the 
pyrolytic decomposition and the gasification at high 
temperatures (1,000°C and more) under heat release 
(i.e., exothermic process). The results are mainly water 
(H 2 0) and carbon dioxide (C0 2 ). The excess air coef¬ 
ficient is higher than one. To allow for a full oxidation, 
the gases to be oxidized and the air have to be mixed 
quite well. 


The efficiency of the overall combustion process - 
chemical process only - could be described by the 
combustion efficiency. This efficiency is defined as the 
ratio of the heat energy generated during combustion 
and the heating value of the fuel. The (chemical) losses 
are due to incomplete oxidation with the result that 
energy is still contained in some un-oxidized compo¬ 
nents (e.g., char, tar, unburned gases). Today combus¬ 
tion processes in power plants or CHPs achieve 
combustion efficiencies of significantly more than 
95% (95-98%). However, the performance of the com¬ 
bustion process is usually not expressed in terms of 
efficiency. It is controlled by analysis of the ash - stating 
the unburned matter - and the flue gas (i.e., the un¬ 
oxidized organic compounds). 

All other losses, in form of heat - e.g., with the flue 
gas, with the ash, from the boiler or the gas turbine 
casing - are not considered here since they are related 
to the technical devices. 

Thermal Cycles The combustion of the solid, liquid, 
or gaseous fuel for electricity generation is usually part 
of a thermal cycle, in which a media is undergoing 
phase changes between the liquid and the gas phase 
and where energy is added and released in certain parts 
of the cycle. Such cycles are divided into open and 
closed thermal processes. 

Open cycles are commonly applied for gaseous and 
liquid fuels since they have fewer impurities than solid 
biomass. They are realized in internal combustion 
engines and gas turbines. The fuel is either burned 
directly inside an internal combustion engine, which 
is operated cyclically (like a four stroke or two stroke 
engine), or it is burned continuously in an external 
combustion chamber and then led through a gas tur¬ 
bine for expansion. The working fluid does not circu¬ 
late through the system; therefore it is not a true cycle. 
The direct use of solid biomass fuels in internal com¬ 
bustion engines is technically not feasible and their 
application in open cycle gas turbines is regarded as 
complex. 

In closed thermal cycles the combustion process 
and the power generation cycle are physically sepa¬ 
rated by a heat transfer device between the combus¬ 
tion and the process medium used within the 
secondary cycle. Due to the separation between fuel 
and power generation equipment, the latter is solely 
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Biomass Combustion for Electricity Generation. Figure 4 

Flow and T/s diagrams of back-pressure plants based on the Rankine cycle [12]. Left : Principle of a power plant based on 
a Rankine cycle with steam superheating. Right: In the T/s-diagram (temperature versus entropy). Case A describes 
a condensing plant with component f in the flow diagram being an air cooler or a cooling tower for heat transfer to the 
ambient. Case B describes a back-pressure plant with utilization, of the heat at a higher temperature level, hence 
component f corresponds to a heat exchanger used for heating purposes or process heat. In a back-pressure plant, the 
condensation temperature T 6 = T-\ is increased to enable heat utilization, thus reducing the electrical efficiency. For small 
turbines, the back-pressure steam needs to be saturated, as droplets are not allowed. Hence point 6 in the T/s-diagram 
needs to be on the condensation line, thus resulting in a reduced efficiency. Components in the flow diagram: a = feed 
water pump, b = boiler with bl = water preheater, b2 = evaporator, and b3 = superheater, c = steam turbine, 
d = generator, e = condenser, f = heat exchanger to transfer condensation enthalpy in a secondary circuit to the ambient 
(case A corresponding to a condensing plant) or to a heat consumer (case B corresponding to a back-pressure plant), 
g = feed water tank. Abbreviations in the T/s-diagram: s = entropy, t = temperature, 1 = liquid, g = gas (vapor), 
s = supercritical, c = critical point, p = pressure, p 2 = high pressure of the live steam, p 0 = back pressure for a condensing 
plant A, Pt = back pressure for back-pressure plant B. 1-2 Adiabatic pressure increase of the water in the feed pump. 2-3 
Heating of the water to evaporation temperature in the water preheater. 3-4 Evaporation of the water in the evaporator in 
the boiler. 4-5 Superheating of the steam in the superheater. 5-6 Isentropic expansion of the steam (ideally). 6-7 
Polytropic expansion of the steam in the turbine (real process). 6-1 Condensation of the steam, with either heat transfer in 
a secondary circuit either to ambient (condensing plant) or heat utilization (back pressure plant) 


in contact with a clean process medium and thus 
undesired elements like fuel, ash, tar, and flue gas are 
not harming. Hence, closed cycles are well suited for 
solid fuels and widely applied for power production 
from biomass or waste. 

The cycle mostly applied for electricity generation 
from solid biofuels is the Clausius Rankine Process [11] 
(Fig. 4). Water at low pressure is transferred with 
a feed pump to a higher pressure level. The pressur¬ 
ized water is then heated up to the evaporation 


temperature in the boiler, then evaporated to satu¬ 
rated steam, and finally superheated in the super¬ 
heater section to dry steam. This steam is then 
expanded to the back pressure in the turbine, which 
provides kinetic energy to the generator. The back¬ 
pressure steam is led to the condenser, where the 
remaining condensation enthalpy needs to be trans¬ 
ferred to the cooling medium. Finally water at low 
pressure leaves the condenser and is transported to the 
feed pump to start the cycle again. 
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Basically, thermal efficiency of the thermal cycle 
depends on the temperature difference of the hot 
steam and the “cold” water (Carnot law). As an exam¬ 
ple, using Carnot s law, for a typical rankine cycle with 
steam temperature of 543°C (816 K) and a temperature 
of the condensed water of 23° C (296 K), the maximum 
theoretical efficiency can be calculated as with 64%. 
However, typical thermal efficiencies of realized 
Clausius Rankine processes in biomass power plants 
are in the range of 30 to a maximum of 40% (i.e., with 
own consumption and without any mechanical losses). 
This is lower as in modern state-of-the-art large-scale 
coal-fired thermal power plants. Here the Clausius 
Rankine cycle can reach efficiencies up to 50% or 
more. This is mostly because the temperature differ¬ 
ences between the upper and the lower side of the 
thermal cycle can be increased due to the utilization 
of more sophisticated material. 

Another closed cycle sometimes used in biomass 
combustion facilities is the Organic Rankine Cycle 
(ORC). This cycle is similar to the Rankine Cycle. 
However, instead of water an organic fluid with 
a lower boiling temperature is used as a process 
medium. This enables operation with heat sources of 




fixed bed combustion bubbling fluidised 

(grate furnace) bed combustion 

Biomass Combustion for Electricity Generation. Figure 5 

Principal combustion technologies for biomass [12] 


relatively low temperatures (e.g., 90-150°C); this is the 
reason why this cycle is often used for electricity gen¬ 
eration from geothermal energy. ORC processes within 
the biomass sector are sometimes added after 
a “classical” Rankine Cycle to make use of the residual 
heat in the flue gas at low temperature and use it for 
electricity generation. 

Thermal efficiency of the ORC process is signifi¬ 
cantly lower compared to the Clausius Rankine pro¬ 
cess, being in the range between 12% and 17% (process 
only, excluding own consumption and mechanical 
losses of the turbine). This is due to the lower temper¬ 
ature of the driving heat source and therefore the lower 
temperature differences used hereunder. 

Technical Devices Combustion of solid biofuels in 
biomass-to-electricity generation facilities usually takes 
place in boilers. The differentiation is made by the 
technology of the firing system into: 

• Fixed bed combustion (usually on a grate) 

• Fluidized bed combustion 

• Pulverized fuel combustion 

Figure 5 shows the main principles. 
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All of the boiler types have in common that the 
biomass is burned and then the thermal energy is used 
to heat water running through pipes - mostly inside the 
boiler. After preheating (economizer), the water is 
heated up to the point of evaporation, evaporated, 
and then superheated. The relevant tubes are located 
in different parts of the boiler. 

The energy losses within such a boiler are of differ¬ 
ent type and dependent on the boiler type, size, and 
material, and the fuel type mainly. 

• Dry flue gas loss is the sensible heat loss that is due 
to the temperature difference between flue gas and 
the inlet air temperature (the flue gas carries heat up 
the stack). It is a function of excess air as well as 
the flue gas temperature and combustion air 
temperature. 

• Latent heat loss is due to the water vapor in the flue 
gas leaving the boiler without being condensed (not 
used condensation enthalpy). It comes from (a) the 
combustion of hydrogen (respectively hydrocar¬ 
bons) in the fuel and (b) water contained in the 
fuel (“Moisture-in-fuel loss”) and (c) water in the 
combustion air. Significant levels of water are found 
naturally in biomass. 

• Casing losses are the radiant and convective heat 
losses from the boiler casing. 

• Losses due to incomplete combustion (unburned 
matter in ash and flue gas). 

• Other losses are caused by air or flue gas leaks, and 
by heat in the ash. 

Boiler efficiency (including the firing system) is 
the ratio of heat absorbed in steam to the heat 
supplied in the fuel. Modern biomass boilers (from 
20 MW th upwards) can achieve energy efficiencies of 
90-95%. As for all solid fuel combustion systems, the 
boiler efficiency is mostly related to the net calorific 
value. 

Below the most important types of boilers are 
discussed in detail. 

Fixed Bed Combustion Systems Fixed bed combustion 
systems in biomass power plants are usually realized in 
form of a grate firing system. Smaller furnaces and 
boilers (a few MW th ) can be realized as well with 
underfeed firing. Primary air passes through a fixed 
bed, in which drying, pyrolytic decomposition, and 


gasification take place. The combustible gases are 
burned after secondary air has been added usually in 
a combustion zone separate from the fuel bed. 

Such kind of combustion usually takes place on 
grates, of which various types are available: fixed grates, 
moving grates, traveling grates, rotating grates, and 
vibrating grates. The grates can be horizontal or 
inclined. The correct selection of the grate depends on 
the fuel properties and the size of the plant. 

As a standard rule, grate firing is appropriate for 
fuels with a water content up to 60%, varying (but not 
smaller than approximately 2 mm) particle sizes, and 
high ash content. Thus, mixtures of wood and other 
type of biomass can be used. 

Of great importance is always to allow a homoge¬ 
nous distribution of the fuel to keep the bed of embers 
at the intended location of the grate surface - over the 
full width, but only in a well-defined zone in the mov¬ 
ing direction. A homogenous fuel layer is important to 
guarantee an equal primary air supply over the various 
grate areas. Inhomogeneous air supply may cause slug¬ 
ging, higher fly-ash amounts, and may increase the 
excess oxygen needed for a complete combustion 
resulting in boiler heat losses. Furthermore, the trans¬ 
port of the fuel over the grate has to be as smooth and 
homogenous as possible in order to keep the bed of 
embers calm and homogenous, to avoid the formation 
of holes, and to avoid the release of fly ash and 
unburned particles as much as possible. 

Fluidized Bed Combustion Systems In fluidized bed 
combustion, the solid biofuels are suspended during the 
combustion process within a moving gas and particle 
stream, called the bed. The result is a turbulent mixing 
of gas and solids, which provides very effective chemical 
reactions and heat transfer. 

The core of this technology is the fluidized bed 
reactor. A fluid (gas or liquid) is passed through 
a granular solid material at high enough velocities to 
suspend the solid. The reactor is usually a cylindrical 
vessel with a perforated bottom plate filled with 
a suspension bed of hot, inert, and granular material. 
Common bed materials for combustion are, e.g., sand. 

Through the air distribution plate, primary com¬ 
bustion air enters the reactor from below. When the 
slackening velocity (minimum velocity to de-lock the 
bed) is reached, the bed expands and the gas/solids 
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mixture behaves like a fluid. This process is known as 
fluidization. With further increasing gas flow the bed 
will change its fluid dynamic behavior: gas bubbles 
form in the bed, they will agglomerate to larger ones, 
the bed begins to slug, finally when one bubble reaches 
the diameter of the reactor, it moves up the bed, 
showing a piston-like behavior, an extreme form of 
a slugging bed. Depending on the fluid dynamic regime 
during operation, the reactor is called a bubbling 
fluidized bed, etc. 

Intense heat transfer and mixing provides good 
conditions for complete combustion with low excess 
air demand. Between 650° C and 900° C, the combus¬ 
tion temperature is usually low in order to prevent ash 
sintering in the bed. Keeping the temperature in such 
lower ranges can be achieved by, e.g., (1) heat 
exchanger surfaces or (2) flue gas circulation. 

Fluidized bed combustion plants are in widespread 
use, since the fluidized bed can deal flexibly with vari¬ 
ous fuel types, including very high water content, as 
a result of the good mixing achieved. Different kinds of 
solid fuels like woody biomass, coal, and special kind of 
waste (e.g., RDF) can be burned. Fluidized beds are as 
well the standard technology for burning sludges (e.g., 
sewage sludge from waste water treatment). However, 
the fluidized bed performance is sensitive toward parti¬ 
cle size and inert impurities in the fuel. Therefore, 
usually an appropriate fuel pretreatment system for par¬ 
ticle size reduction and separation of metal parts and 
stones is necessary. Particle sizes between 40 and 80 mm 
are common for woody biomass. Further considerations 
are, e.g., regarding high alkali biomass fuels (e.g., straw), 
due to possible ash agglomeration. 

During start-up time of fluidized beds, which can 
take longer period of times (8 till 15 h), oil or gas 
burners are used. Due to higher specific investment of 
the overall plant, fluidized bed combustion is more 
common in larger applications (usually nominal ther¬ 
mal boiler capacity above 20 MW th ). With regard to 
emissions, low NO x emissions can be achieved due to 
good air staging, good mixing, and low requirement of 
excess air. Low excess air quantities reduce the overall 
flue gas flow and increase the overall combustion effi¬ 
ciency. Usually the flue gas leaves the reactor with high 
dust loads. Therefore efficient dust precipitators and 
boiler cleaning is necessary. Bed material is also lost 
with the ash, making it necessary to periodically add 


new material to the plant, even though part of the bed 
material inside the ash can be separated from the fine 
particles and sand in air classifiers. 

Different types of fluidized bed combustions are 
distinguished: (1) stationary fluidized bed combustion 
and (2) circulating fluidized bed combustion. 

Stationary fluidized bed combustion has the main 
principle that the flow velocity of the gas in the vessel 
is between the slackening velocity (minimum velocity 
to enable fluidization) and the floating velocity of 
a single particle of the bed material. Usually the flow 
velocity of the gas is between 5 and 15 times the 
slackening velocities. In such cases a clearly defined 
fluidized bed usually with a thickness between 1 and 2 
m is created. 

In circulating fluidized beds the gas velocity is sig¬ 
nificantly above the floating velocity of the individual 
particles. Due to this there is no clearly defined bed 
surface: the fluidized bed expanded in the whole vessel. 
Due to the high gas velocity bed material is entrained 
out of the vessel and has therefore to be recirculated 
back to the vessel, after it has been separated in one or 
several cyclones from the gas flow. 

Pulverized Fuel Combustion Systems In pulverized fuel 
combustion, fuels such as saw dust and fine shavings are 
pneumatically injected into the combustion room. The 
transportation air is used as primary air. 

When starting a pulverized fuel combustion reac¬ 
tor, usually an auxiliary burner is used for preheating. 
After the temperature in the boiler has achieved 
a certain level, biomass is injected through a burner. 

Fuel quality has to be quite constant. Particle size is 
usually limited between 10 and 20 mm. Fuel moisture 
content should not exceed 20%. Due to the explosion¬ 
like combustion of the fine biomass particles, the fuel 
feeding needs to be controlled very carefully. 

Fuel/air mixtures are usually injected tangentially 
into the combustion room to establish a rotational 
flow. The rotational flow can be supported by flue gas 
recirculation in the combustion chamber. 

Excursus: Co-firing Concepts 

Co-firing means that biomass and fossil fuels are 
being used jointly in a plant to produce electricity 
and/or heat. 
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Such co-firing can provide a reasonable attractive 
option for the utilization of biomass for the generation 
of power and in some cases heat. Co-firing makes use of 
the extensive infrastructure associated with an existing 
power plant system based on fossil fuel energy, and 
requires only relatively modest additional capital 
investment. 

The principal driver for the increasing amount of 
co-fired biomass materials in new and existing coal 
boiler plants is that co-firing is regarded as representing 
a very attractive option for biomass utilization, and 
therefore of the delivery of electric energy out of renew¬ 
able energy, in terms of the capital cost requirement, 
security of supply, power generation efficiency, and 
generation cost. 

The great majority of biomass co-firing worldwide 
is carried out in large pulverized coal power boilers, 
and the focus in this section is very much on this type 
of plant. The basic co-firing options can be categorized 
according to Fig. 6. 

• Concept 1: direct co-firing. Under this concept, bio¬ 
mass and fossil fuel is being burned in the same 
conversion unit; usually it means that the biomass is 
fed directly to the coal firing system of the boiler. This 
co-firing approach can be implemented in a number 
of ways. The first option involves the mixing of the 
biofuel with the coal upstream of the coal feeders, and 
generally within the coal conveying system. The 
mixed fuel is then processed through the installed 
coal milling and firing system. This is the simplest 
option and involves the lowest capital cost. This 
approach has been applied widely for co-firing bio¬ 
mass in granular, pelletized, and dust forms, generally 
at relatively low co-firing ratios. The second option 
involves separate handling, metering, and comminut¬ 
ing of the biofuel and injection into the pulverized 
fuel pipe work upstream of the burners or at 
the burners. This option can permit co-firing 
at elevated levels. The third option involves the 
separate handling and comminuting of the biofuel 
with combustion through a number of dedicated 
burners. This approach involves significant modifica¬ 
tion of the combustion equipment and the boiler, and 
represents the highest capital cost direct co-firing 
option. It is, in principle, possible to inject the pre¬ 
milled biomass into the upper part of the combustion 


room as a re-burn fuel for NO x emission control; 
however, this option needs significant further devel¬ 
opment prior to full scale implementation. Some 
test work has been carried out in small-scale test 
facilities. 

Concept 2: indirect co-firing. This concept involves 
the conversion of the biomass and the fossil fuel 
each in a separate unit into a secondary energy 
carrier. Usually this is a gasifier. Then these two 
secondary energy carriers are fed into one combus¬ 
tion system and then to go on with the further 
energy conversion steps. The usual system hereun¬ 
der is the gasification of the biomass and the com¬ 
bustion of the product fuel gas in the boiler or gas 
turbine. 

Concept 3: parallel combustion. In this case, bio¬ 
mass and fossil fuel are first being converted 
thermo chemically separately. The result of these 
two separate conversions is thermal energy (heat). 
This heat is then converted in further conversion 
steps to electricity and heat. Usually this process is 
called parallel combustion. Parallel firing involves 
the installation of a separate combustor for the 
biomass to produce steam, which, in turn, is used 
in the coal-fired power plant steam circuit. 
Although parallel firing installations involve signif¬ 
icantly higher capital investment than direct co¬ 
combustion systems, they may have advantages 
such as the possibility to use relatively difficult 
fuels with high alkali metal and chlorine contents 
and the production of separate coal and biomass 
ash streams. 

Concept 4: separate combustion and conversion. 
Under this concept, the biomass and the fossil fuel 
are utilized for electricity/heat generation in two 
separate units, but at the same power plant site. 
Therefore, only several BoP (balance of plant) 
parts of the power plant site are used jointly like, 
e.g., grid connection, road infrastructure, and water 
supply. A separate combustion and separate further 
conversion of the secondary energy or heat into 
electricity and heat means that only the final energy 
carriers (electricity and heat) are flowing together. 
This is usual praxis in a number of biomass com¬ 
bustion plants. The advantage is that the infrastruc¬ 
ture on site can be used by both plants as well as 
several selected BoP components. 
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Conversion from Thermal to Mechanical Energy 

The conversion from thermal energy into mechanical 
energy is performed in devices, which can generally be 
divided into those of turbine type and those of engine 
type: 

• Steam turbines 

• Engines 

- Steam engines 

- Stirling engines 

These different types of conversion devices are 
discussed below. 

Steam Turbines Mostly applied in biomass to electric¬ 
ity generation systems is the steam turbine. Steam tur¬ 
bines are by definition fluid flow engines, in which the 
energy of a flowing working fluid (e.g., steam) is 
converted into kinetic energy and then in mechanical 
energy of the turbine shaft. Usually the turbine shaft is 
connected to a generator, in which the rotational 
mechanical energy is converted into electrical energy. 

Steam turbines are available within a large range of 
different capacities, from few 100 kW (mechanical 
energy), commonly several 10s to several 100s of MW, 
up to the largest one with roughly 1,600 MW, currently 
under construction for the Olkiluoto III nuclear power 
plant in Finland. Within the biomass sector steam 
turbines in the range of several MW up to some 
50-100 MW are most common. 

A typical steam turbine consists of shaft, rotating 
shuffle wheel(s), fixed shuffle wheel(s), and the turbine 
casing. Fixed and rotating shuffle wheel are together 
forming one turbine step, whereby usually - apart of 
very small turbines - a turbine consists of several steps. 

The working fluid flows usually in axial direction 
and only sometimes in radial direction between the 
annular gap between chamber and shaft, where the 
shuffle wheels are located. 

Different types of steam turbine exist: 

• Back-pressure steam turbines, in which the total 
waste heat from the condensation of the steam is 
utilized; the back pressure corresponds to the tem¬ 
perature needed for heat utilization (i.e., close to or 
greater than 1 bar). 

• Condensing turbines are used in power plants with¬ 
out heat utilization; the back pressure and the 


corresponding temperature are as low as possible 
to achieve maximum efficiency, and hence the tem¬ 
perature is close to ambient temperature while the 
back pressure is significantly below 0.1 bar. 

• Extraction turbines allow a power plant with vari¬ 
able heat output. Such a turbine enables a variable 
extraction of steam at an intermediate pressure and 
temperature level for heat utilization, with the 
remaining steam being utilized to drive an addi¬ 
tional low-pressure section of the turbine in con¬ 
densing mode. 

Energy losses of the steam turbine are (1) heat 
losses through the casing, (2) steam leakages, and (3) 
energy loses with the steam flow leaving the turbine, 
due to non-ideal fluid dynamics while converting the 
energy of the steam to mechanical energy. In modern 
state-of-the-art steam power plants in the range of 
several 100 MW such losses total to less than 8%. 
For typical power plants in the range of several MW 
up to several tens of MW (this is the most common 
range of biomass power plants), such losses sum up to 
usually between 15% and 22%. Thus, the overall effi¬ 
ciency of the steam turbine in such typical biomass 
power plant defined as the ratio between mechanical 
energy at the turbine shaft and the difference of 
the thermal energy at the inlet and outlet point of 
the turbine (enthalpy difference) is between 78% 
and 85%. 

Engines Steam piston engines have a similar work¬ 
ing principle as other engines. They are available with 
an installed power between 25 kW up to 1.5 MW per 
unit. Very often the plant size is larger and in such 
a case several units are simply added in series. Typical 
mechanical efficiencies are in the range of 6-10% for 
single stage pistons and 12-20% for multistage 
engines. For this reason such devices are only used in 
CHP mode. 

Stirling engines are indirectly fired gas engines 
with air, helium, or hydrogen as a process medium 
used within a closed cycle. External heat is trans¬ 
ferred to the gas, followed by forced cooling of the 
gas. Expansion and compression of the medium 
inside the chamber are allowed over a piston. 
A Stirling engine is the thermodynamic ideal pro¬ 
cess for transforming heat into mechanical energy. 
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It has thus the same theoretical efficiency as the 
Carnot process. In addition, in contrast to the Car¬ 
not process, it can actually be realized. However, in 
practical application the theoretical high efficiency 
is reduced by friction, limited heat transfer and 
heat recuperation, pressure losses, and other influ¬ 
ences. Thus the actual efficiency for power produc¬ 
tion is only in the range of 15-25%. Additionally 
such devices are only limitedly available in the 
market. 

Conversion from Mechanical to Electrical Energy 

The conversion from mechanical into electrical 
energy takes place within the generator. The basic 
energy conversion principle is electromagnetic induc¬ 
tion [3]. Such principle means that if an electric 
conductor, like a copper wire, moves through 
a magnetic field, an electric current is induced within 
the conductor. Thus the mechanical energy of the 
moving wire is converted into the electric energy of 
the current that flows in the wire. The main elements 
of the generator are the rotor and the stator. The 
stator is the fixed part and is winded with wires 
through which alternate electrical current is flowing, 
in which an alternate voltage is induced. The stator is 
usually connected directly or indirectly to the grid 
and therefore also the frequency of the electrical 
current in the stator is either the grid frequency or 
in any defined relation to it. 

The rotating magnetic field induces an AC voltage 
in the stator windings. The rotor is also with wire, and 
this wire is rotating in the magnetic field inducing 
electric current in the stator. The rotor is connected 
usually mechanically via a gearbox with the rotating 
axes of the engine or turbine. The gearbox allows that 
the rotational speed of the rotor fits to the frequency of 
the stator. 

Although different types of generators are used 
for different applications, in biomass to electricity gen¬ 
eration as in other thermal power plant synchronous 
single-fed generators are applied in general. 
Other types are, e.g., asynchronous or induction 
single-fed generators, doubly fed generator, or 
brushless wound-rotor doubly-fed generator. 

Independently from the type of generator, the elec¬ 
tric power at the output of the generator has a fixed 


voltage level, which can be chosen among the typical 
standard voltage classes. Typical voltage levels for 
biomass combustion plants up to 20 MW el are 400 V, 
6.3 kV, and 11 kV. 

Energy conversion efficiencies in the electrical gen¬ 
erator are usually quite high. Losses mainly occur in 
form of heat, due to the wire resistance, and mechanical 
losses in the bearings of the rotor. The efficiency of 
modern synchronous generators is usually in the 
range between 96% (1,500 kVA at biogas plants, cos 
phi = 0.8) and 98% in large power plants. 

Electric Energy Transformation 

Usually the generator generates electricity at a typical 
voltage level. But the voltage level of the (local, regional, 
or supra-regional) grid is different in most cases. The 
electricity generated is therefore feed into the grid via 
a transformer station, whose main purpose is to trans¬ 
form the voltage coming from the generator into the 
voltage of the grid. Losses in the transformer are usually 
low and in the range of 1-3% of the input electricity. 
The losses can be divided into copper losses and iron 
losses. They are resulting out of (1) winding resistance, 
(2) hysteresis, (3) eddy currents, (4) magnetostriction, 
(5) mechanical losses, and (6) stray losses [4]. 

Other Plant Components 

Within this chapter, additional system elements needed 
within an electricity generation plant operating based 
on biomass are discussed in detail. 

Cooling Facility After the steam has flown through 
the steam turbine, it has to be cooled down. Thus, 
cooling water circulates around the tubes of the con¬ 
denser and by this means the low-pressure steam after 
the turbine is cooled down and condensed. 

The heat absorbed by the circulating cooling 
water in the condenser tubes must also be removed 
to maintain the ability of the water to cool as it 
circulates. The easiest option is getting the cooling 
water from a river or the sea and pumping the 
warm water back to the river or the sea. However, 
since sea water is not available at most power plant 
sites, and environmental restrictions limit tempera¬ 
ture increase of rivers, waste heat is in most cases 
transferred to the atmosphere based on a cooling 
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tower, or a combination of river and cooling tower 
cooling is realized. The warm water is pumped from 
the condenser through the cooling tower. A wet (or 
open) cooling tower reduces the temperature of the 
water in direct contact to the air, mainly by evapo¬ 
ration of a part of the water. 

There are natural (air) draft and mechanical draft 
towers. The latter uses power driven fan engines to 
force or draw air through the tower. Within this type 
it can be differed between (1) induced draft, wherein 
a mechanical draft tower with a fan at the discharge 
pulls air through tower, and (2) forced draft, which has 
a blower type fan at the intake. 

A dry (or closed) tower is a water-air heat 
exchanger, with a fan to increase air circulation. If the 
availability of water is not an issue at the location, 
usually a wet cooling tower is used, since lower tem¬ 
peratures are achieved. At other sites, where water 
availability is critical, or the formation of clouds has 
to be avoided, dry cooling towers are applied, which 
usually drops down the efficiency of the plant. 

Flue Gas Treatment After the combustion, the flue 
gas is treated usually in different ways before it is 
emitted into the atmosphere due to legal obligations. 
All equipment and measures to treat the flue gas 
between the boiler outlet and the atmosphere is 
named together flue-gas-treatment-facility. The core 
objective of this facility is to reduce the emissions to 
a level that the power plant facility at the location 
has to fulfill. 

To achieve the desired emission level, different mea¬ 
sures are applied. They are subdivided in primary (i.e., 
directly influencing the combustion process itself) and 
secondary measures. Primary measures can be found 
under section “Gaseous Emissions”. Secondary emis¬ 
sions reduction measures are part of the flue-gas-treat - 
ment-facility. 

Flue gas treatment measures in biomass power 
plants derive from coal power plants. In a standard 
coal combustion plant, the flue-gas-treatment-facility 
consists of (in this sequence, with regard to the flow 
direction of the flue gas): 

• A particle control and reduction facility 

• NO x control and reduction facility 

• S0 2 reduction facility 


Whether all of the above components or only some of 
them are part of the flue-gas-treatment-facility of 
a biomass combustion plant and which specific type of 
emission reduction technology has to be selected depend 
on the biomass characteristics (chemical composition, 
particle size, etc.), the combustion technology, and the 
environmental regulations to be applied. In most cases, 
the flue-gas-treatment-facility of a biomass combustion 
plant is much simpler: 

• For power plants burning only clean (natural) 
wood an electrostatic precipitator is sufficient to 
meet the emission limits for particulate matter. 

• Farger power plants, burning contaminated wood 
as well, often apply dry sorption by spraying, e.g., 
calcium hydroxide into the flue gases and filtering 
them within a bag filter. 

The principles of flue-gas-treatment-facilities are 
explained below. 

Particle Control Systems For meeting the limits 
for particulate matter emissions the following 
reduction technologies are used commonly: cyclones, 
multicyclones, electrostatic precipitators, and bag 
house filters. They are discussed below. 

Within a cyclone for particle separation, the flue gas 
and the solid particles are exposed to centrifugal forces. 
Due to these forces, the particles hit the wall of the 
cyclone and slide down into a container. The cleaned 
gas leaves the cyclone on the upper side. 

In multicyclones, several cyclones are used in par¬ 
allel. This is because the efficiency of a cyclone can be 
improved by increasing the centrifugal forces through 
a reduction of the cyclone diameter. However, this has 
the disadvantage that the throughput through one 
cyclone is reduced. To compensate this drawback 
some small cyclones are installed in parallel. The 
consequence are, obviously, higher cost due to the 
larger number of cyclones - even though each indi¬ 
vidual one is smaller - and a higher energy consump¬ 
tion due to the higher pressure drop in a smaller 
compared to a larger cyclone. Nevertheless often 
multicyclones are state-of-the-art technology and 
used frequently. 

The principle of operation of an electrostatic pre¬ 
cipitator is that the particles are first electrically 
charged and second exposed to an electric field in 
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which they are attracted to an electrode. This electrode 
is cleaned periodically by means of vibration with the 
consequence that the dust falls off the electrode into 
a collection unit. Electrostatic precipitators are state- 
of-the-art technology and used commonly in large- 
scale units. 

Bag house filters consist of a filter or cloth, 
tightly woven from special fibers and hung up in 
a closed construction through which the flue gas 
passes. Usually the separation efficiency of bag 
house filters is quite high, even with flue gas at 
low flow rates and high particle content. Because 
the particles settle on the cloth and form a particle 
layer (i.e., filter cake), the pressure drop between the 
two sides of the cloth increases during operation 
and therefore the cloth has to be cleaned periodi¬ 
cally. One possibility is to use pressurized air passed 
through the cloth in reverse direction, removing the 
particle layer falling down to the bottom of the 
filter casing. This flue gas treatment technology is 
state-of-the-art technology and commonly used in 
medium scale units [6, 12]. 

NO x Control Systems Secondary NO x -emission 
control and reduction measures in biomass combustion 
facilities are mostly selective catalytic reduction (SCR) or 
selective non-catalytic reduction (SNCR). Both types 
have in common that a reducing agent is injected (e.g., 
ammonia (NH 3 ) or urea) to reduce NO x to N 2 , with or 
without a catalyst. 

In case of using ammonia, the stoichiometric 


equations are as follows [6]: 

4NO T 4NH 3 T 0 2 —* 4 N 2 + 6 H 2 O (2) 

2 NO 2 + 4NH 3 T O 2 —* 2 N 2 T 6 H 2 O (3) 

4NH 3 T 3 O 2 —* 2 N 2 T 6 H 2 O (4) 

4NH 3 T 4 O 2 —* 2 N 2 O T 6 H 2 O (5) 

4NH 3 + 50 2 4NO + 6H 2 0 ( 6 ) 


Of the reactions listed above, the first two are the 
desired ones and the last three are undesired reactions. 

Equations 2 and 3 take place within a temperature 
range of 220-270°C. If urea is used, the temperature 
level has to be increased to 400-450° C. The reason to 
realize a non-catalytic instead of catalytic reduction is 
mainly the amount of catalyst needed and the 


associated cost. For such a non-catalytic reduction, 
the reactions above described are taking place at tem¬ 
peratures between 850°C and 950°C, whereby for wood 
a temperature range between 840° C and 920° C has 
proved most appropriate. Just due to the high temper¬ 
ature, there is no need for a catalyst. 

Both types of reduction facilities have reduction 
efficiencies - defined as the amount of NO x separated 
out of the flue gas related to the total amount of NO x 
contained in the flue gas before entering the flue gas 
treatment facility - between 60% and up to 95% in 
biomass combustion applications. The efficiency 
depends very much on the quality of control and reg¬ 
ulating the temperature. If the temperature is too high, 
ammonia is oxidized to NO; if the temperature is too 
low, ammonia does not react at all and is emitted 
together with N0 2 . 

S0 2 Control Systems SO x emissions from biomass 
combustion facilities are usually at a very low level 
and sulfur is emitted basically as S0 2 . Due to the low 
content of sulfur in wood, the combustion of wood 
usually results in little S0 2 emissions making secondary 
measures for flue gas treatment unnecessary. However, 
there are certain biomass types (e.g., straw, grass, 
Miscanthus) for which the S0 2 emissions can be 
significantly and in such a case S0 2 reduction 
measures must be applied. 

The typical secondary measure for S0 2 reduction is 
scrubbing the flue gas with water containing finely 
grounded limestone (i.e., limestone wet scrubber). 
The flue gas, from which the solid fly-ash particles 
have already been removed, passes through a tower 
where the scrubbing slurry containing water and lime¬ 
stone particles is pumped through countercurrent. The 
scrubber vessel can be realized as a spray tower with 
multiple sprays and a mist eliminator. Other 
approaches are characterized by a packing with a very 
high opening integrated within the tower or 
a specialized bubbler designs. 

Other Emission Control Systems Depending on the 
type of biomass fuels, other secondary control and 
reduction measures might have to be applied: 

• Straw, for example, has a high content of chlorine 
(Cl), which one finds later in the flue gas as hydro¬ 
gen chloride (HC1). In case primary measures and, 
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e.g., binding the chlorine into the ash is not suffi¬ 
cient to reach the required emission limits for HC1, 
combined fine dust separation with dry sorption or 
with a wet washing can be applied. 

• Sometimes it might be necessary to include second¬ 
ary reduction measures to reduce dioxins and 
furans. Quite frequently this is combined with the 
SCR facility with a catalytic oxidation of particle¬ 
binding and filter-passing dioxins. Other possibili¬ 
ties for particle-binding dioxins are special dioxin 
filters. 

• By condensing the water within the flue gas, the 
overall efficiency of the power plant can be 
improved since the latent energy of the water is 
used. In addition, this allows reducing or avoiding 
vapor clouds in the air, usually regarded as 
a negative visual impact especially in touristic 
areas. Furthermore, within such a flue gas condens¬ 
ing unit a cleaning effect is realized (e.g., particulate 
matter). The operating principle is that the flue gas 
is cooled below the dew-point, by which a part of 
the water steam is condensed. The energy set free 
during this condensing process can be used as 
usable heat. The efficiency of the condensing unit 
depends on the amount of excess air, the 
water content of the biomass fuel, the flue gas 
temperature, and the lower temperature level of 
the usable heat. 

Chimney The cleaned flue gas is finally emitted to 
the atmosphere via a chimney or smoke-stack. Chim¬ 
neys are typically vertical structures to ensure that the 
gases flow smoothly. Additionally they draw air into 
the combustion what is known as the stack or chimney 
effect. This effects uses the density difference between 
the hot flue gas inside the chimney (hotter means 
lower density) and the colder air outside the chimney 
(i.e., air with a higher density). Due to this density 
difference, the flue gas is flowing upward within the 
chimney. Thus the reason for the height of the chim¬ 
ney is not only to emit the flue gas to higher air levels 
so that it is dispersed better, but also to create suffi¬ 
cient pressure difference between hot flue gas and the 
outside air. 

For biomass power plants with 5 and 20 MW e i, 
chimneys have heights of 30-50 m. Usually they are 


constructed in the outer part out of concrete. Inside 
this supporting structure, a jacket pipe per boiler is 
installed in which the flue gas is flowing. It is built 
out of flue gas resistant material. 

Ash 

Burning of solid biomass is inevitably related to the 
generation of ash as a by-product. Ash, produced in 
large-scale biomass combustion plants, can usually be 
separated in three different fractions [15]: 

• Grate ash. Usually this fraction consists of the 
mineral residual of the biomass feedstock produced 
on the grate or within the circulating fluidized bed. 
In addition, inert material (i.e., mainly soil) which 
has been within the biomass fuel can be found 
herein. Beside this sintered ash particles and 
slack stones - particularly in the case of straw and 
bark - might be found. The share of the grate ash 
related to the total amount of ash is usually in the 
range of 60-90%. 

• Cyclone ash. Cyclone ashes are fine particles 
entrained with the flue gas stream. Usually this ash 
fraction originates from inorganic matter like, e.g., 
salts and silicates being a part of the organic struc¬ 
ture of plants. This ash fraction can be found as dust 
in turnaround chambers and in the heat transfer 
area of the boiler, as well as in the cyclones after the 
boiler. This ash accounts generally for around 
10-35% of the total amount of ash. 

• Fly ash. This ash fraction is generated within a bag 
house filter and/or an electrostatic precipitator. 
Additionally or alternatively, fly ash can be pro¬ 
duced as condensate sludge in flue gas condensa¬ 
tion units. In case of combustion plants without 
such kind of flue gas cleaning, this ash fraction is 
emitted as residual dust via the chimney into the 
atmosphere. Usually the fly ash is the smallest por¬ 
tion of the total amount of ash and totals to 2-10% 
of the total ash amount. 

Ash Characteristics In very general terms, the inor¬ 
ganic materials within most solid fuels, including bio¬ 
mass, can be divided into two broad categories: 

(a) The inherent inorganic material exists as part of 
the organic structure of the fuel. It is most 
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commonly associated with oxygen-, sulfur-, and 
nitrogen-containing functional groups. These fun¬ 
damental groups can provide suitable sites for the 
inorganic species to be associated chemically in the 
form of cations or chelates. Biomass materials tend 
to be relatively rich in oxygen-containing sites. 
Thus a significant fraction of the inorganic mate¬ 
rial in most biomass fuels is in this form. For some 
inorganic species, it is also possible to be present in 
very fine particulate form within the organic struc¬ 
ture of the fuels, and to behave essentially as an 
inherent component of the fuel. 


(b) Extraneous inorganic materials have been added to 
the fuel through geological processes or during 
harvesting, handling, and processing. Biomass 
fuels, for instance, are commonly contaminated 
with soil and other materials, which have become 
mixed with the fuel during collection, handling, 
and storage. 

A listing of the major inorganic species found in the 
higher plants, and hence in the inherent inorganic 
material in most biomass materials, is given in Table 3. 
These data provide a rough quantitative overview of 


Biomass Combustion for Electricity Generation. Table 3 Speciation of inorganic materials in higher plants, according to 
the classes "water soluble," "organically associated," and "precipitated" [12] 


Element 

Compound 

Formula 

Share of total element 

Class 1 - water soluble (free ionic form) 

Na 

Sodium nitrate, chloride 

NaN0 3 , NaCI 

>90% 

K 

Potassium nitrate, chloride 

kno 3 , kci 

>90% 

Ca 

Calcium nitrate, chloride, phosphate 

Ca(N0 3 ) 2 , CaCI 2 , Ca 3 (PO) 4 

20-60% 

Mg 

Magnesium nitrate, chloride, phosphate 

Mg(N0 3 ) 2 , MgCI 2 , Mg 3 (P0 4 ) 2 

60-90% 

Si 

Silicon hydroxide 

Si(0H) 4 

<5% 

S 

Sulfate ion 

S0 4 2 - 

>90%* 

P 

Phosphate ion 

po 4 3 ~ 

>80%* 

Cl 

Chloride ion 

cr 

>90%* 

Class 2 - organically associated (covalent) 

Ca 

Calcium pectate 

Macromolecule 

0.8-2.6% 

Mg 

Chlorophyll, magnesium pectate 

C 5 5 H 72 MgN 4 05 , macromolecule- 

8-35% 

Mn 

Various organic structures 

Mn 2+ , Mn 3+ ,Mn 4+ 

>80%* 

Fe 

Organic complex, organic sulfates 

Fe 3+ , Fe 2+ 

>90%* 

S 

Sulfolipids, amino acids, proteins 

so 4 2 ~, s 

— 

P 

Nucleic acids 

P0 4 3 ” 

— 

Class 3 - precipitated (pure compound[ amorphous, or crystalline) 

Ca 

Calcium oxalate 

CaC 2 0 4 .nH 2 0 

30-85% 

Fe 

Phytoferritin 

(Fe0.0H) 8 .(Fe0.0P0 3 H 2 ) 

Up to 50% in leaf tissue 

P 

Phytates 

Ca-Mg(-K)-salt of C 6 H 6 [OPO(OH) 2 ] 6 

Up to 50-86% in seeds 

Si 

Phytolyte 

Si0 2 .nH 2 0 



For items marked * no quantities have been reported. The value quoted indicates that the speciation is dominant one for that element 
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the major element speciation in biomass, divided into 
different categories. 

The table makes it obvious that much of the inher¬ 
ent inorganic material in biomass is in the form of 
simple inorganic salts, and principally as the oxides 
and hydroxides of silicon, and the nitrates, sulfates, 
chlorides, phosphates, and oxalates of the alkali and 
alkaline earth metals. Table 3 shows further that a sig¬ 
nificant fraction of the inorganic material, in particular 
of the alkali metals, occurs in a water-soluble form. 

The extraneous inorganic material can be in many 
forms. In most cases, however, it takes the form of 
contamination with sand, soil, or other mineral mate¬ 
rials, tramp metal components, etc. 

Ash Behavior There are inorganic constituents of bio¬ 
mass materials that are volatile at combustion tempera¬ 
tures, particularly some of the alkali metal (K and Na) 
compounds, the phosphates, and some of the heavy- 
metals species. These species might be released into the 
flue gases in the form of fume or as condensable vapor. 
Other inorganic species, principally the compounds of 
calcium and silicon, can be released from the burning 
fuel particle as very finely divided, submicron particles. 

The balance of the inorganic fraction of the biomass 
will undergo a number of chemical and physical trans¬ 
formations, depending on the chemical composition, 
combustion temperature, and residence time, to form 
the larger residual ash particles. 

The key mineral transformations and chemical 
reactions that may occur at elevated temperature 
include: 

• The fusion or partial fusion of quartz and silica 
particles and, at high temperatures, chemical inter¬ 
actions with other ash components, principally to 
form alkali and alkaline earth metal silicates 

• The fusion or partial fusion of alumina-silicates 

• The decomposition of carbonates, oxalates, chlo¬ 
rides, etc., and other inorganic salts 

• The volatilization of alkali metals and some heavy 
metals 

• Particle fragmentation by thermal shock and the 
rapid release of gaseous species from particles 

• The coalescence of intra-particle mineral particles 

The specific details of the release mechanism and 
residual ash formation processes depend largely on the 


type of combustor, i.e., on the flame temperature and 
the residence times at elevated temperatures. 

Of relevance to the ash behavior at elevated tem¬ 
peratures is particularly the type of combustion tech¬ 
nology, since the combustion conditions tend to be 
significantly different. For the three main different 
types (grate firing, fluidized bed combustors, and pul¬ 
verized fuel combustion systems) this is described 
below. 

Grate-Fired Combustors In grate-fired systems, the 
fuel particles are distributed over a moving or static 
grate to form a fuel bed, with some of the combustion 
air being supplied from underneath. The normal 
intention is to retain the majority of the ash on the 
grate to be removed either manually or mechanically to 
an ash pit. Nevertheless a significant quantity of the ash 
will be released from the bed as fly-ash particles 
entrained in the combustion gases or in the form of 
vapors and fine fumes. 

The maximum fuel bed temperatures in grate com¬ 
bustion of biomass materials are generally between 
1 ,000°C and 2,000°C. The overall residence times on 
the grate are relatively long; they are commonly in the 
range of several minutes. 

Depending on the chemical composition of the ash 
and the local bed temperature, a degree of sintering or 
fusion of the bed particles may occur. If the degree of 
fusion is excessive, relatively large ash agglomerates 
maybe formed. This can interfere with the distribution 
of air through the fuel, and may affect the burnout of 
the char. The bed ash composition is usually fairly 
similar to that of the laboratory-prepared fuel ash, 
although it can sometimes be depleted in the more 
volatile inorganic species, principally potassium. 

The coarse fly-ash particles are small particles 
of ash of up to an aerodynamic diameter of some 
200-500 pm. They are entrained with the upward 
flow of under-grate air and the combustion gases, 
and are carried upward through the combustion 
room and the steam generator (i.e., heat exchanger). 
The chemical composition of the coarse fly ash is 
normally similar to that of the bed ash. There is 
commonly condensation of volatile inorganic species, 
particularly alkali metal sulfates, and some heavy- 
metal compounds, on the surface of the coarse fly- 
ash particles. 
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The fine aerosols generally within the submicron 
area are generated by condensation of the volatile inor¬ 
ganic species from the vapor phase (i.e., the alkali metal 
and some heavy-metal compounds) mostly as chlo¬ 
rides and sulfates. This happens as the flue gas cools 
down by passing through the boiler. 

With regard to fly ash and aerosol generation from 
the grate combustion of woody biomass the following 
needs to be considered: 

• The particle size distributions of the fly ashes are 
commonly bimodal. The main coarse fly-ash peak 
is in the range larger than 1 pm with a maximum 
particle size up to 500 pm and with the aerosol peak 
in the submicron range. 

• The total fly-ash concentration in the flue gas is 
dominated by the generation of the coarse fly 
ashes by bed ash particle entrainment in the com¬ 
bustion gases. The quantity of fly ash is influenced 
by the ash content of the fuel and the grate operat¬ 
ing parameters. 

• The aerosol concentration in the flue gas and the 
composition of the aerosol material are influenced 
mainly by the chemical composition of the fuel (i.e., 
by the levels of volatile species (alkali metals, lead, 
and zinc) and of the very fine calcium-rich partic¬ 
ulate material contained in the fuel). 

Fluidized Bed Combustors In fluidized bed 
combustion systems, the fuel particles are suspended 
in a fluidizing air stream, along with a relatively coarse¬ 
grained bed material. The great majority of the ash 
leaves the fluidized bed combustors in the form of fly 
ash particles, generally of up to around 50-100 pm in 
diameter. This material also contains fine particles of 
elutriated bed material, which is commonly quartz, or 
unreacted limestone, with lime and calcium sulfate/ 
sulfite. 

The combustion temperatures that apply in fluid¬ 
ized beds are somewhat lower than those that apply in 
fixed beds. The bed and freeboard temperatures when 
burning biomass materials tend to be less than 900° C, 
and the ash particles tend, in a number of ways, to 
resemble the ash produced by combustion of the fuel 
in a laboratory furnace at similar temperatures. 

In most fluidized bed combustion systems, the fuel 
ash and bed material particles tend to sinter and form 


agglomerates. The avoidance of this is an important 
combustor design and operational issue. Excessive 
agglomeration of the bed particles can lead to poor 
air distribution and eventually defluidization of the 
bed. In extreme cases, it may be necessary for the 
operator to bring the combustor off line to remove 
and replace the bed material. 

The bed ash sintering process involves the forma¬ 
tion of particle-to-particle bonds, commonly by 
a viscous flow sintering mechanism, involving the low 
melting temperature ash components, initially in the 
form of necks between the particles. The key processes 
responsible for the formation of bonds between the bed 
particles in biomass-fired fluidized bed combustion 
systems are: 

• Partial melting of the low melting point ash com¬ 
ponents to form a liquid phase of low viscosity, 
which, in turn, forms the necks between the bed 
particle. 

• In some cases, the solid ash and bed particles, and 
particularly silicates and alumina-silicates species 
may be partially soluble in the liquid phase at the 
sintering temperature, and this can contribute to 
the strength of the particle-particle bonding. At 
higher bed temperatures, it is possible for a silicate 
melt of high viscosity to form on the surfaces of the 
bed material. The viscous liquid phase can also flow 
to form necks between the ash and bed particle. 

• It is also possible for chemical reactions to occur at 
the surfaces of the bed particles, which can increase 
the strength of inter-particle bonds. The fact that 
lime on the surface of the bed particles reacts 
with S0 2 to form calcium sulfate is considered 
responsible for the sintering of bed particles in 
fluidized bed combustors firing high calcium bio¬ 
mass material [6]. 

Pulverized Fuel Combustors In pulverized fuel 
combustors, wherein biomass is usually fired together 
with coal since these are usually large-scale systems, the 
peak flame temperatures are very high compared to 
those of most other combustion systems. They are 
commonly around 1,600°C. The residence times at 
these temperatures are relatively short; they are in the 
order of a few seconds. The basic concerns in this case 
are with the behavior of the inorganic materials 
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associated with the biomass when exposed to these very 
high temperatures and the conditions that apply in 
suspension flames. Another concern is the impact of 
the co-firing of the biomass on the behavior of the 
resulting ash (i.e., the mixed biomass-cal ash). 

In general, the products of combustion of biomass 
materials when co-fired with coal in large-scale power 
plants show a higher level of submicron fume and 
vapor. Additionally the fly-ash particles tend to be 
significantly smaller than those formed by the combus¬ 
tion of pulverized coal. 

The key ash-related impacts of the co-firing of 
biomass with coal are potentially on the slugging and 
fouling deposit formation potential of the mixed bio- 
mass-coal ash, and on the efficiency of the installed 
particulate collection equipment. Even biomass mate¬ 
rials tend to have a relatively low ash content compared 
to most coals, the biomass ash materials tend to be 
relatively rich in alkali and alkaline earth metals, and 
these are effective fluxes for the alumina-silicate coal 
ashes. Therefore, the co-firing of biomass with coal will 
tend to increase both the slugging and fouling propen¬ 
sity of the mixed fuel, depending on the chemistry of 
the coal and biomass ashes and the co-firing ratio. At 
low co-firing ratios (i.e., less than about 10% on a mass 
basis) plant experience has indicated that these effects 
tend to be modest. 

Ash Utilization For utilization and disposal of ash, 
the following possibilities are available: 

• Industrial utilization (e.g., as additional component 
or raw material for cement, as chemical raw mate¬ 
rial, as additive in the metallurgical industry) 

• Utilization in road construction 

• Application as secondary feedstock with fertilizing 
and soil improving impact in the agriculture and 
forestry industry 

• Dumping 

Below different possibilities are discussed. 

Industrial Utilization An industrial utilization of ash 
from biomass power plants may only be applied if 
a reasonable amount of ash with equal quality over 
time is available. In most cases, wood firing systems 
have only small throughput capacity and therefore 
produce not a sufficient amount of ash. For this 


reason an industrial utilization of ash from biomass is 
for the time being of academic interest only. 

Utilization in Road Construction Slacking grate ash 
may be utilized in road construction, e.g., as 
replacement for gravel. This is only possible if 
biomass fuel is used, which has not been chemically 
treated. Then the latent-hydraulically characteristics of 
wood ash is of advantage, since they contribute to 
a good setting of the humid material in the ground. 
In case of burning bark, e.g., the crude fraction of the 
grate ash is sieved and used in road construction. The 
fine fraction of the grate ash as well as the fine fly ash 
are usually not recommended to be used for that due to 
their high content of heavy metal and the higher 
amount of water-soluble components. 

Utilization as Fertilizer and Soil Improving 
Material The following considerations can be made 
with regard to using ash as a fertilizer and soil 
improving material in agriculture and forestry: 

• A mixture of crude ash and cyclone ash in plant- 
specific amount relations should be brought back to 
the area the biomass comes from in order to close 
the mineral and nutrient cycle as much as possible. 

• The fine fly ash, being the smallest ash fraction, but 
shows the richest part of heavy metal, has to be 
dumped. This is valid also for ashes from the 
cleaning of heat exchangers of boilers and chimneys 
of small plants. 

• The separation between multi cyclone and fly-ash 
stripper is the most efficient. However, this means 
that the biomass combustion plant has to have a fly- 
ash separation unit and this has to be located 
behind the multi cyclone. Otherwise a separation 
of this fraction is not possible. 

• Ashes from plants firing waste wood usually cannot 
be brought to agricultural or forestry areas without 
prior treatment, since they are usually contami¬ 
nated with heavy metals. 

• Ashes from industrial residual wood combustion 
plants have an intermediate position between ashes 
from waste wood and ashes from natural wood with 
regard to their composition and amount of heavy 
metals. It depends to which extent the industrial 
wood has been contaminated in order to decide 
which measures and utilization options can be chosen. 
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In order to allow an unproblematic utilization, the 
ash has to be provided to the farmer in a suitable form: 

• The ash fractions crude ash and cyclone ash have to 
be mixed according to the relation they are pro¬ 
duced. By this means a so called ash mixture after 
the ash formation is being created. The fly ash has to 
be collected separately and to be dumped according 
in accordance with the legal framework. 

• The ash has to be provided in a condition that it 
can be strewed. This means it has to be free from 
slacking and stony parts with corn sizes above 
1.5-2 cm. 

• Iron parts, which are eventually in the ash (wires, 
nails, etc.), have to be removed as well. This can be 
done by means of permanent magnets. 

• In a biomass power plant an automatic ash removal 
is recommended and usually standard. In case the 
bark portion inside the biomass fuel is more than 
30%, an additional ash treatment (sieving or grind¬ 
ing) is required, since the slacking portion inside 
the ash is higher due to the mineral contamination 
in the bark (e.g., sand, soil, stones). Also for straw 
and cereal firing slacking is more common due to 
lower ash melting point and therefore such ash need 
to be treated similarly. 

Biomass ash can be spread on land in a direct and 
an indirect way. 

• Suitable for a direct spreading of ashes on agricultural 
areas and meadows are fertilizer caster with dust 
skirting. They allow a low cost, time saving, consis¬ 
tent, and mainly dust free distribution of the ash. For 
bringing the ash into the forest blowing machines are 
most suitable. They blow the ash from forest roads 
into the woods up to a distance of around 50 m. 

• Alternatively the ash can also be used as additive in 
the agricultural composting. The advantage is that 
such an ash utilization can be performed almost 
dust free and that during the composting process 
also slacking and stone parts inside the ash do not 
negatively affect as they can be crushed inside the 
compost or sorted out during the resetting of the 
compost. 

To avoid ecological negative impacts caused by ash 
spreading on soil, the following aspects should be 
considered. 


• Only ash of chemically non treated biomass should 
be spread. 

• Cyclone and fly ash must be collected separately and 
the fly ash should be dumped orderly. 

• The usable part of the ash must be analyzed prior to 
the first spreading with regard to its nutrient and 
heavy metal content; such analysis must be repeated 
regularly according to the legal rules. 

• For the usable portion from bark, wood chips, and 
shaving ash, the maximum amounts which should 
be spread on agricultural land shall be not more 
than 1,000 kg/(ha a), for grass land not more than 
750 kg/(ha a) and not less than 3,000 kg/ha one time 
in 50 years [8]. In case the heavy metal fraction 
inside the ash is lower as the legally approved limits, 
the amounts given above can be increased. 

• For the usable portion of the straw and cereal ash the 
amount of spreading has to be adjusted according to 
the nutrient needs of the respective plant culture. 

Overall Energy Conversion Chain: Losses 

Each energy conversion step is associated with losses 
and a certain “conversion step efficiency.” As a result, 
only a fraction of the energy fed as biomass into the 
biomass combustion to electricity generation facility 
can finally be fed into the grid as end energy (electric¬ 
ity) or used as heat. 

A typical facility often used in Europe burns solid 
woody biomass on a grate or in a fluidized bed and 
generates electricity out of this. Very often they are 
realized within an electrical power range between 
5 and 20 MW el . For such kind of standard application, 
Fig. 7 shows the energy flow and the average range of 
losses for each major conversion step. According to this 
out of 1,000 kWh (3,600 MJ) of biomass fuel such 
a standard plant can finally generate in the average 
around 251 kWh (903 MJ) of electricity. The biggest 
losses are within the water-steam cycle with 60-70% 
and within the turbine with 15-22%. Thus, the 
overall efficiency of such plant configuration ranges 
around 25%. 

Environmental Impacts 

Although biomass-to-electricity is a form of renewable 
energy generation, it is characterized by a number of 
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3,600 MJ 
1,000 kWh 


6-10% Losses 
03.0 % Losses 


60 - 70% Losses 
065 % Losses 


15-22% Losses 
0 IS % Losses 


2-4% Losses 
0 3 % Losses 


1 - 3% Losses 
0 2 % Losses 



920 kWh 


322 kWh 


264 kWh 


256 k Wh 


251 kWh 


if 

remark water steam cycle, including all energy losses in the water steam cycle, particularly condenser losses, except 
turbine and hosier losses 

Biomass Combustion for Electricity Generation. Figure 7 

Energy conversion chain of a typical biomass combustion facility for electricity generation in the range of 5-20 MW 
electricity (MJ and kWh values are calculated with the average loss figures) 


environmental impacts. Most substantially are hereby 
the gaseous emissions, which are emitted via the chim¬ 
ney into the atmosphere. 

Gaseous Emissions 

There are a great number of different types of gaseous 
emissions from biomass power plants. They and their 
potential impact on environment, climate, and health 
are described in Table 4. 

The amount of emissions is usually given in mg/MJ 
fuel and these are dependent from a huge number of 
items. A very important one is certainly the type of 
technology used for combustion. The typical amount 
of emissions for different important combustion tech¬ 
nologies are shown in Table 5. 

These emissions can be reduced by primary mea¬ 
sures and secondary measures. Secondary measures 
belong to the flue gas treatment facility and have 
already been described in section “Flue Gas Treatment”. 
The main primary emission control and reduction 
measures are described below. 

Generally it can be stated that all emissions which 
are avoided by primary emission control and reduction 
measures do not need to be targeted by any secondary 
emission control measure. Thus the usual way is to use 
as much as possible the primary emission control and 
reduction measures to limit the effort (investment and 


operating cost) for secondary emission reduction 
measures. 

Primary emission reduction measures aim to pre¬ 
vent or reduce the formation of emissions and/or 
a reduction of emissions within the combustion cham¬ 
ber. Several possible measures exist. The most impor¬ 
tant with regard to the combustion of solid biomass are 
described below: 

• Modification of the fuel composition. The concen¬ 
tration of K, Na, S, Cl, Zn, and Pb in the fuel 
determines the mass of aerosol emissions as well 
as their chemical composition. These elements can 
be removed from the fuel to a certain extent. 
A possible measure is fuel washing. For example, 
straw can be washed by leaving it on the field for 
some time after harvesting, exposing it to rain. 
Another possibility is a controlled washing. How¬ 
ever, this may go along also with energy losses 
which might be counterbalanced by the positive 
effect on reduced emission control measures (and 
even a longer lifetime of the boiler). 

• Modification of the moisture content of the fuel. 
High moisture content in the biomass fuel makes it 
difficult to achieve a sufficiently high temperature 
in the combustion chamber. However, high tem¬ 
peratures (above 850°C) are necessary to ensure 
a sufficiently low level of CO within the flue gas. 
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Biomass Combustion for Electricity Generation. Table 4 Pollutants from biomass combustion and their impacts on 
climate, environment, and health [14] 


Component 

Biomass sources 

Climate, environmental, and health impacts 

Carbon dioxide (C0 2 ) 

Major combustion product 
from all biomass fuels 

Climate : Direct greenhouse gas. However, C0 2 emissions 
from biomass combustion are regarded as being C0 2 - 
neutral with respect to the greenhouse gas effect 3 since 
biomass is a renewable fuel (if sustainably cultivated), (see 
also section "The Greenhouse Gas Balance") 

Carbon monoxide (CO) 

Incomplete combustion of all 
biomass fuels 

Climate : Indirect greenhouse gas through 0 3 formation 

Health : Reduced oxygen uptake especially influences 
people with asthma, and embryos. Suffocation in extreme 
cases 

Methane (CH 4 ) 

Incomplete combustion of all 
biomass fuels 

Climate : Direct greenhouse gas. Indirect greenhouse gas 
through 0 3 formation 

Non Methane Volatile 
Organic Components 
(NMVOC) 

Incomplete combustion of all 
biomass fuels 

Climate : Indirect greenhouse gas through 0 3 formation 

Health : Negative effect on the human respiratory system 

Polycyclic Aromatic 
Hydrocarbons (PAH) 

Incomplete combustion of all 
biomass fuels 

Environment: Smog formation 

Health: Carcinogenic effects 

Particles 

Soot, char and condensed 
heavy hydrocarbons (tar) from 
incomplete combustion of all 
biomass fuels. Fly ash and salts 

Climate and environment: Reversed greenhouse effect 
through aerosol formation. Indirect effects of heavy-metal 
concentrations in deposited particles 

Health: Negative effect on the human respiratory system. 
Carcinogenic effects 

Nitrogen oxides (NO x , 

(NO, N0 2 )) 

Minor combustion product 
from all biomass fuels 
containing nitrogen. 

Additional NO x may be 
formed from nitrogen in the 
air under certain conditions 

Climate and environment: Indirect greenhouse gas through 
0 3 formation. Reversed greenhouse effect through aerosol 
formation. Acid precipitation. Vegetation damage. Smog 
formation. Corrosion and material damage 

Health: Negative effect on the human respiratory system. 
N0 2 is toxic 

Nitrous oxide (N 2 0) 

Minor combustion product 
from all biomass fuels 
containing nitrogen 

Climate: Direct greenhouse gas 

Health: Indirect effect through 0 3 depletion in the 
stratosphere 13 

Ammonia (NH 3 ) 

Small amounts may be 
emitted as a result of 
incomplete conversion of NH 3 , 
formed from pyrolysis/ 
gasification, to oxidized 
nitrogen-containing 
components. Secondary NO x 
reduction measures by NH 3 
injection (SNCR, SCR) 

Environment: Acid precipitation. Vegetation damage. 
Corrosion and material damage 

Health: Negative effect on the human respiratory system 

Sulfur oxides (SO x (S0 2 , 
S0 3 )) 

Minor combustion product 
from all biomass fuels 
containing Sulfur 

Climate and environment: Reversed greenhouse gas effect 
through aerosol formation. Acid precipitation. 0 Vegetation 
damage. Smog formation. Corrosion and material damage 

Health: Negative effect on the human respiratory system, 
asthmatic effect 
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Biomass Combustion for Electricity Generation. Table 4 (Continued) 


Component 

Biomass sources 

Climate, environmental, and health impacts 

Heavy metals 

All biomass fuels contain 
heavy metals to some degree, 
which will remain in the ash or 
evaporate 

Health : Accumulate in the food chain. Some are toxic and 
some have carcinogenic effects 

(Ground level) Ozone (0 3 ) 

Secondary combustion 
product formed from 
atmospheric reactions 
including CO, CH 4/ NMVOC 
and NO x 

Climate and environment : Direct greenhouse gas. 

Vegetation damage. Smog formation. Material damage 

Health : Indirect effect through 0 3 depletion in the 
stratosphere. 13 Negative effect on the human respiratory 
system, asthmatic effect 

Hydrogen chloride (HCI) 

Minor combustion product 
from all biomass fuels 
containing chlorine 

Environment : Acid precipitation. Vegetation damage. 
Corrosion and material damage 

Health : Negative effect on the human respiratory system. 
Toxic 

Dioxins and furans 
(PCDD/PCDF) 

Small amounts may be 
emitted as a result of reactions 
including carbon, chlorine, 
and oxygen in the presence of 
catalysts (Cu) 

Health: Highly toxic. Liver damage. Central nervous system 
damage. Reduced immunity defense. Accumulate in the 
food chain 


a The greenhouse gas effect: The natural greenhouse gas effect keeps the Earth's mean temperature at about 15°C. Without the greenhouse 
gas effect, the Earth's mean temperature would be -18°C. Anthropogenic sources of greenhouse gases are generally believed to 
contribute to an increasing greenhouse gas effect, causing the Earth's mean temperature slowly to increase. From 1750 to 1994, the 
concentration of the three most important greenhouse gases - C0 2 , CH 4 , and N 2 0 - increased by 30%, 145%, and 15%, respectively 
(contributing to an increasing greenhouse gas effect). However, particles, S0 2 and NO x contribute, to some degree, to a reversed 
greenhouse gas effect caused by aerosol formation 

b Depletion of the ozone layer: The atmospheric ozone layer is found in the stratosphere, 10-40 km above ground level. Ozone absorbs 
ultraviolet radiation from the sun and prevents damaging radiation from reaching the Earth's surface. Ozone in the stratosphere may be 
reduced by reactions with NO, where NO may be formed from N 2 0 in a first reaction step. Ground level ozone, however, is a pollutant and 
a greenhouse gas 

c Acid precipitation: Emissions of NO x , SO x , and HCI result in acid precipitation through the formation of acids 


Biomass Combustion for Electricity Generation. Table 5 Arithmetic average emission values from wood combustion 
applications [12] 



NO x as N0 2 
(mg/MJ) 

Particles 

(mg/MJ) 

Tar (mg/MJ) 

CO (mg/MJ) 

UHC as CH 4 
(mg/MJ) 

VOC (mg/MJ) 

PAH (|xg/MJ) 

Fluidized bed 
boilers 

170 

2 

n.m. 

0 

1 

n.m. 

4 

Pulverized fuel 
burners 

69 

86 

n.m. 

164 

8 

n.m. 

22 

Grate plants 

111 

122 

n.m. 

1,846 

67 

n.m. 

4,040 


Data were collected from investigations in various IEA countries (Norway, Switzerland, Finland, the UK, and Denmark) 
n.m. not measured, UHC unburned hydrocarbons 
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Thus, due to incomplete combustion high emis¬ 
sions may be the result. Drying the fuel helps to 
solve this problem. Drying can be done naturally or 
artificial. Natural means, e.g., that the biomass is 
left at the atmosphere protected by rain and simply 
is getting dryer by time. With artificial drying, the 
water content can be reduced much further. How¬ 
ever, if no waste heat without additional cost is 
available, artificial drying of biomass is much too 
costly. Therefore, mostly the biofuel is dried with 
solar energy. 

• Modification of the particle size of the fuel. The size 
of the particles is important for the emissions to be 
produced for two reasons: The particle size defines 
very much the combustion technology selection. 
Technology selection has an impact on the amount 
of emissions produced. For a given or selected tech¬ 
nology, the size of particle can still vary and insuf¬ 
ficient precise sizing may result in incomplete 
combustion. The consequences are a lower effi¬ 
ciency and higher emission. 

• Selection of the type of combustion technology and 
the type of equipment. There are various reasons 
for choosing a certain combustion technology. 
Based on this decision the design of the other 
components is realized. One of the results of this 
technology selection is the amount of emissions 
produced during the combustion process. Substan¬ 
tial emission reduction can be achieved by selecting 
the best possible combustion technology for a given 
fuel and by optimizing the combustion process 
including primary reduction measures. 

• Improved construction of the combustion applica¬ 
tion. In order to obtain a full combustion by min¬ 
imizing emissions, ( 1 ) sufficiently high combustion 
temperatures, (2) sufficiently long residence time, 
and (3) optimal mixing of the fuel gas and air 
have to be ensured. These items are partly deter¬ 
mined by the combustion technology and the 
design of the boiler and partly by the combustion 
process operation. 

• Combustion process control optimization. A com¬ 
bustion control system aims to govern selected pro¬ 
cess parameters according to a predefined scheme. 
Whereas usually the primary goal of a process con¬ 
trol device in a biomass combustion facility is to 
adjust the heat production in the boiler according 


to what is required (e.g., by the steam turbine), the 
process control unit can be also programmed for 
simultaneous optimization of the combustion pro¬ 
cess with respect to minimize emissions and maxi¬ 
mize thermal efficiency. An adequate combustion 
control system can substantially lower the emis¬ 
sions in the flue gas. Typical process parameters to 
be used as process control parameters are the con¬ 
centration of CO, C x Hy, and 0 2 in the flue gas, the 
combustion chamber temperature, and the boiler 
temperature. Process variables directly adjusted to 
achieve the targets for the aforementioned process 
parameters are typically the amount of fuel fed into 
the boiler. 

Staged-air combustion. Staged-air combustion 
makes it possible to reduce simultaneously emis¬ 
sions from incomplete combustion and NO x 
through a separation of devolatilization and gas 
phase combustion. This results in improved mixing 
of fuel gas and combustion air. In the first stage, 
primary air is added for devolatilization of the 
volatile fraction of the fuel, resulting in a flue gas 
consisting mainly of CO, H 2 , C x Hy, H 2 0, C0 2 , and 
N 2 . For NO x -emission reduction, the fuel gas con¬ 
tent of NH 3 , HCN, and NO is also of particular 
interest. In the second stage, sufficient secondary air 
is supplied to ensure a good burnout and low emis¬ 
sion levels from incomplete combustion. An 
improved mixing of fuel gas and secondary air 
reduces the amount of secondary air needed. This 
results in higher flame temperatures and a lower 
overall excess air ratio. Hence, emissions from 
incomplete combustion are reduced by a tempera¬ 
ture increase, which speeds up the elementary reac¬ 
tion rates, and by improved mixing, which reduces 
the residence time needed for mixing the fuel gas 
and the secondary combustion air. However, this 
does not mean that the NO x -emission level is 
reduced automatically as well. An efficient reduc¬ 
tion of emissions from incomplete combustion and 
NO x emissions can only be achieved by optimiza¬ 
tion of the primary excess air ratio. 

Staged fuel combustion and re-burning. Staged fuel 
combustion and re-burning are other possibilities 
for NO x reduction in biomass combustion applica¬ 
tions. The primary fuel is combusted with an excess 
air ratio above 1, and no significant NO x reduction 
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occurs. Then a secondary fuel is injected into the 
flue gas after the primary combustion zone, without 
additional air supply. Based on this a sub- 
stoichiometric reducing atmosphere is created in 
which NO x formed in the primary zone may be 
reduced, by reacting with NH 3 and HCN formed 
from the secondary fuel (if the secondary fuel con¬ 
tains nitrogen) in a similar manner as for staged-air 
combustion. Additionally, NO is converted back 
to HCN by reactions with HCCO and CHi radicals 
(i = 0-3) formed from the secondary fuel. This 
process is called re-burning. Under typical condi¬ 
tions, HCCO appears to be the most effective 
radical for removing NO. Finally, a sufficient 
amount of air is added after the reducing zone 
to achieve a good burnout with an overall excess 
air ratio above 1. Staged fuel combustion requires 
automatic feeding of the primary and secondary 
fuel, and the secondary fuel must be easily adjust¬ 
able. This limits the use of stage fuel combustion 
to large-scale biomass combustion applications, 
since a suitable combustion process design with 
two fuel-feeding systems as well as an accurate 
combustion process control is necessary. Natural 
gas, fuel oil, pyrolysis gas, biomass powder, saw¬ 
dust, or similar fuels can be used as secondary 
fuels. 

• Catalytic converters. A catalytic converter consists 
of a durable, heat-resistant ceramic composition 
extruded into cellular or honeycomb configuration. 
After extrusion, this ceramic monolith is fired and 
then covered with a noble-metal catalyst (usually 
platinum, rhodium or palladium, or combinations 
of these) or metal oxides. It is of paramount impor¬ 
tance that the catalyst has a high thermal stability 
and a good poison resistance to avoid its deactiva¬ 
tion. Such catalytic converters are utilized to some 
degree in small-scale biomass combustion applica¬ 
tions (e.g., wood-stoves) but rather seldom in 
biomass-to-electricity applications. 

The Greenhouse Gas Balance 

Special attention has to be given to the carbon emis¬ 
sions of biomass power plants. As every thermal power 

plant using carbon-based fuel (e.g., coal, gas, oil), 

a biomass power plant emits C0 2 into the atmosphere. 


It is therefore not C0 2 neutral. And due to the fact that 
typical biomass-to-electricity power plants have - 
mainly due to smaller electrical capacities - lower aver¬ 
age efficiencies as, e.g., large-scale modern coal power 
plants, gas combined cycles or other types of fossil 
thermal power plants operated with fossil fuel energy, 
the direct emissions of a biomass power plant per unit 
of generated electricity are usually higher. 

However, in order to assess the impact on the 
climate, and this is the main issue of the discussions 
about the pros and cons of C0 2 emissions, the entire 
life cycle of the biomass has to be considered. Assuming 
a sustainable biomass production, the same amount of 
C0 2 , which is being emitted during combustion into 
the atmosphere, has been absorbed out of the atmo¬ 
sphere during the growing phase of the plants on the 
fields or in the forests. Thus, the assumption can be 
made that electricity generation from sustainable pro¬ 
duced biomass is climate neutral. 

Nevertheless, this is not the full truth. In fact, to 
allow that the biomass can be converted to electricity, 
there are a number of energy conversion steps neces¬ 
sary, which either need additional auxiliary energy or 
where energy is getting lost (see section “Overall 
Energy Conversion Chain: Losses”). These losses 
respectively needs for auxiliary energy result all in 
climate gas emissions. 

Figure 8 shows exemplarily for a biomass plant for 
electricity generation the conversion chain and the 
resulting portion of emissions in C0 2 -equ./kWh el . 
Overall the carbon footprint results in 35-36 
C0 2 -equ./kWh e i, whereby the carbon footprint is 
defined as the total set of greenhouse gases (GHG) 
emissions caused by a product during its lifetime [17]. 
For climate relevant gases other than C0 2 (e.g., 
methane, see also Table 4) their impact on climate 
is calculated relative to 1 ton of C0 2 . This 
bandwidth does not include the C0 2 emissions due to 
combustion, which have been absorbed before by the 
photosynthesis from the atmosphere. Most of the car¬ 
bon footprint in Fig. 8 is contributed during the com¬ 
bustion due to the emissions of CH 4 and N 2 0 [13, 16] . 

The greenhouse gas balance of biomass has to be 
compared with other forms of producing electricity in 
order to arrive at an overall judgment of the balance. 
Figure 9 therefore shows the average bandwidth of 
C0 2 equ.-emissions of different electricity generation 
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Carbon footprint 35,15-36,17 gkWh 
(Without life cycle aspects, without passing through) 
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Biomass Combustion for Electricity Generation. Figure 8 

Carbon emissions at the example of a medium size biomass power plant (5 MW e i), 20% efficiency fired with residual 
forest wood [16] 


options. According to this biomass is characterized by 
very low greenhouse gas emissions, being in the range 
of 35 to almost 100 gC0 2 -equ./kWh el . For example, for 
lignite the values are more than 10-20 times as high as 
for biomass. Still for natural gas, which has a much less 
carbon content as coal and can be converted into elec¬ 
tricity with a much higher efficiency, there is a factor of 
between 6 and 10 between these two technologies. 

In case the electricity generation is combined with 
heat utilization (combined heat and power) and sub¬ 
ject to the methodology, how the carbon emissions are 
distributed between the final end products electricity 
and heat, the greenhouse gas balance, or so to say the 
carbon footprint can become even negative. This can be 
seen in Fig. 10, wherein once again several technologies 


are compared based on special designed technology 
layouts and differentiated between pure electricity gen¬ 
eration and combined heat and power. According to 
this, biomass- and biogas-combined heat and power 
options are the only technologies showing a negative 
carbon footprint, in case the emissions saved due to the 
replacement of heat from other conventional sources 
and their resulting C0 2 emissions are being subtracted 
from the carbon footprint of biomass or biogas. 

Other Environmental Impacts 

Other environmental impacts that may occur with 
biomass-to-electricity-generation can be (1) emissions 
in liquid form into the ground, (2) smelling, (3) noise 
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Biomass Combustion for Electricity Generation. Figure 9 

Life cycle emissions of selected electricity generation technologies [16] 



Biomass Combustion for Electricity Generation. Figure 10 

Net balances of carbon equivalent emissions of different power generation technologies with and without combined heat 
and power generation [16] 
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Biomass Combustion for Electricity Generation. Table 6 Overview of investment of biomass to electricity combustion 
facilities 



Biomass steam 
power plants 

IGCCs with 
biomass 

CHP engines 

Biogas plant 
+ engine 

Steam 

engines 

Stirling 

engines 

Usual type of 
biomass fuel 

Solid biomass 

Biogas, 
wood gas 

Biofuel, biogas, 
wood gas 

Biogas 

Solid biomass 

Solid 

biomass 

Typical plant size 
range 

5-20 MW 

10-50 MW 

500 kW to 
several MW 

100 kW to 
several MW 

100 kW to 
several MW 

<100 kW 
to 1 MW 

Investment cost 
range in €/kW 

3,000-5,000 

4,000-7,000 

1,000-2,000 

3,000-5,000 

4,000-6,000 

up to 

10,000 


emissions, and (4) visual impacts. Smell usually is a 
result of any gaseous emissions and occur sometimes, 
e.g., from the fuel storage. The others (point (1), (3), 
and (4)) are usually at a low level, if the plant is well 
planned and designed and fulfills the respective local 
requirements. 

Cost Analysis 

As with all energy conversion technologies, it is differed 
generally also in biomass-to-electricity facilities 
between investment and 08cM cost. The overall cost 
varies widely. Some of the most important dependency 
factors are: 

• The type and quality of the fuel 

• The combustion technology as well as the whole 
concept and design of the plant 

• The capacity of the plant 

• The country 

• The location of the power plant (country, and the 
specific location inside the country) 

• The available infrastructure at the site 

• The available know-how to design, build, and oper¬ 
ate the power plant 

Investment Cost 

Investment cost covers the cost for all equipment and 
services necessary prior to the commercial operation of 
the power plant: biomass preparation facility, biomass 
storage and handling facilities, the power plant itself, 
emission reduction devices, cooling devices, grid con¬ 
nection, water supply, waste water system, all other 


balance of plant components, concept and detailed 
engineering, all consultancy fees and financing cost. 

The following Table 6 provides with an overview of 
typical ranges of specific investment cost for different 
but quite common types of biomass to electricity 
generation plants. As can be seen therein, the most 
common type biomass steam power plants have 
investment cost usually in the range between 3,000 
and 5,000 €/MW. 

O&M Cost 

08cM cost are the annual cost of the power plant and 
are differentiated between: 

• Fuel cost, which are usually the most important cost 
component 

• Cost for waste disposal (ash, waste from emission 
cleaning devices) 

• Regular and irregular maintenance 

• Auxiliary media (water, electricity, lubricants) 

• Operation personnel cost (administration staff and 
monitoring personnel) 

• Spare parts 

• Insurances 

• Land lease 

The above mentioned cost can be divided into two 
main classes: those which are fixed (i.e., independent 
from the amount of electricity produced annually) and 
those which are variable (i.e., depend on the annual 
electricity generation). Fuel costs as well as cost for 
auxiliary media are typical variable costs, whereas cost 
for land lease, insurances, and part of the operation 
personnel costs are usual fixed costs. 
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The typical relation between the overall investment 
cost and the overall O&M cost during the life time of 
a project depends on the cost impact of each cost 
component, but mostly it is influenced by the fuel 
cost. An example the typical fuel cost of a waste wood 
burning biomass power plant in Germany are in the 
range of 30-50 €/t. Taking 50 €/t as example and 
average energy efficiencies for a 20 MW-plant (i.e., 
base load plant) with 8,000 h/y of nominal load hours 
into account, the overall fuel cost over a 20 year life 
cycle of the plant is around 180 Mio. € (assuming 
additionally a calorific value of the biomass fuel of 
16 MJ/kg). This is then double the amount of invest¬ 
ment cost being between 80 and 100 Mio €. This 
example shows how important the fuel price, but also 
any measure to reduce the fuel consumption is (i.e., to 
increase conversion efficiency). 

All other O&M cost are together substantially 
less than the fuel cost. For biomass power plants they 
are roughly in a range of around 4% of the total 
investment. 

Example: Cost Analysis 

A first indication of the financial feasibility of a biomass 
power plant can be derived by calculating the levelized 
electricity generation cost (LEC). They are calculated 
based on the annuity of the investment cost over the 
technical lifetime of the plant, adding to this the aver¬ 
age annual O&M cost and dividing this through the 
average annual electricity generation. In case of com¬ 
bined heat and power production, the investment and 
O&M cost need to be divided to these two products, 
whereby different methods for such division exists. 

For a standard example based on German frame 
conditions for purely electricity generation (i.e., no 
combined heat and power supply) and based on the 
technical and financial frame conditions as given in 
Table 7, the levelized electricity generation cost are 
calculated hereunder. The results are given in the 
table below. Under these assumptions the levelized 
electricity generation cost are between 0.06 and 
0.10 €/kWh for biomass power plants. 

Future Perspectives 

Due to high energy price levels and promising policy 
conditions electricity generation from biomass is 


increasing on a worldwide scale. This is especially true 
for industrialized countries. Table 8 summarizes the 
worldwide use of biomass for electricity generation as 
per status end of 2008. As one can see, in total an 
amount of 256-386 TWh/year of electricity has been 
generated globally in 2008 from biomass including also 
the biomass fraction of waste-to-energy plants. Around 
90 TWh/year has been generated in the Europe. Com¬ 
pared to the overall electricity generation from renew¬ 
able energies, this is a share between 7% and almost 
10%. Compared to the overall electricity generation 
worldwide in total (in 2008 estimated to be around 
21,000 TWh/year), biomass contributes roughly 
around 1-2%. 

With regard to the various submarkets, differenti¬ 
ated with regard to the fuel type/origin, the market 
consideration are as follows: 

• Solid fuel Currently, as end of 2008, at least 46 GW 
of solid biomass is utilized to produce electricity via 
mono- and co-combustion worldwide. The electri¬ 
cal power is installed equally in developing and 
industrial countries. With this installed capacity at 
an average of4,000-7,000 of full load hours per year 
between 180 and 320 TWh of electricity can be 
produced. About 40% of the total electricity gener¬ 
ated by solid biomass in the OECD countries has 
been realized within the European Union. There, 
the main producers are the three densely wooded 
countries Finland, Germany, and Sweden, produc¬ 
ing more than half of the electricity generated by 
solid biomass in the EU. In many countries the 
energy recovery of municipal solid waste is counted 
to solid biomass. In the OECD about 29 TWh of 
electricity is estimated for 2008 assuming a similar 
increase as in 2007. Considering the measures taken 
to protect the world s climate a further growth of 
the power production from solid biomass is to be 
expected in the years to come. The growth will be 
very much influenced by the price level of the bio¬ 
mass materials which itself is strongly influenced by 
the fossil fuel price levels. 

• Biogas. The electricity generation from biogas 
mainly takes place in industrialized nations. Con¬ 
sidering the around 29 TWh of electricity from 
biogas, which has been generated in OECD coun¬ 
tries in 2007, a total of roughly 32 TWh can be 
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Biomass Combustion for Electricity Generation. Table 7 Example calculation of the levelized electricity generation cost 
of biomass and biogas power plants in Germany, 2009 figures 




Case 1 

Case 2 

Installed capacity 

MW 

5 

20 

Full load hours 

h/year 

8,000 

8,000 

Annual electricity sales 

MWh/year 

40,000 

160,000 

Technical lifetime 

Year 

25 

25 

Total average efficiency 

% 

24 

30 

Total amount of fuel needed (in form of wood or biogas) 

MWh/year 

167,000 

533,000 

Specific investment 

€/kW 

3,000 

2,600 

Total investment cost 

€ 

15,000,000 

52,000,000 

Specific O&M cost without fuel 

€/kW year 

300 

113 

Fuel cost incl. logistics 

€/t 

20 

25 

Fuel cost 

€/kWh fuel 

0.008 

0.006 

Fuel cost 

€/year 

1,340,000 

3,000,000 

Total O&M cost incl. fuel cost 

€/year 

2.840,000 

5,250,000 

Equity 

% 

20 

20 

Loan 

% 

80 

80 

Required RoE 

% 

12 

12 

Interest on loan 

% 

5 

5 

Average interest 

% 

6.4 

6.4 

Annuity 

€/year 

1,218,000 

4,224,000 

Total annual cost 

€/year 

4,058,000 

9,474,000 

Levellized Electr. Gen. Cost (LEC) 

€/kWh 

0.10 

0.06 


estimated for 2008. The main contribution comes 
from the EU. Global players on the biogas market 
are Germany (9-10 TWh) and the United Kingdom 
(5-6 TWh). Nearly half of the biogas in the EU is 
generated by landfills, of which almost half is pro¬ 
duced in the United Kingdom. The remaining bio- 
gas is produced by agricultural biogas power plants, 
using mainly liquid and solid manure and maize, 
and by sewage gas power plants. 

• Liquid fuels. Only a small part of liquid fuels is used 
for electricity generation globally. However, this use 
is statistically recorded in very few industrial 
nations only. Compared with the prior years, the 


use of liquid fuels for electricity generation in com¬ 
bined heat and power plants has stagnated or 
decreased in selected countries in 2008. 

The worldwide electricity generation from biomass 
is characterized by a large spectrum of available tech¬ 
nologies. The technologies used in developing coun¬ 
tries show on average very low efficiencies and rather 
high emissions. In contrast, in industrialized countries 
more innovative technologies with significantly higher 
efficiencies and rather lower airborne emissions are 
applied. The longest history and best knowledge exists 
with the use of woody biomass. Due to its favorable fuel 
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Biomass Combustion for Electricity Generation. 

Table 8 Electricity generation from biomass worldwide 
and in the EU-countries (status end of 2008) [9] 



Installed 
capacity in 
GW a 

Electricity 
generation in 
TWh/a a 


World 

EU 27 

World 

EU 27 

Solid Biomass 

46 

10 

(190- 

320) 

50 

Municipal solid waste b 

n.a 

n.a 

29 

15 

Biogas 

>6 

6 

3 7 C 

25 c 

Total Biomass 

52 

16 

256-386 

90 


a As far as statistical data available, values in brackets are estimated 

b Only OECD countries 

including the use of liquid biofuels 


properties large quantities can be easily stored. More¬ 
over, the used combustion and power generation tech¬ 
niques are upgraded technologies of the coal firing 
industry. Other technology trends are a further increase 
of the efficiency, e.g., by minimizing heat losses and 
utilizing heat recovery from exhaust gases, by increas¬ 
ing the conversion rates (on a lower temperature level), 
and the development of interim storage capacities for 
a more flexible energy supply. Such technologies are in 
place next to the generally known steam turbines and 
Stirling engines as well as complex concepts like the 
Organic-Rankine-Cycle (ORC) and Kalina-Cycle pro¬ 
cess. Furthermore, due to the strongly varying price 
level of fossil fuels and the growing competition on 
reasonably priced biofuels, the use of a wide range of 
solid biomass residues from industry, forestry, and 
agriculture as well as the use of energy crops becomes 
more prominent. Thus, R&D moves toward the devel¬ 
opment of new and more specialized technologies able 
to accept unfavorable fuel properties like high concen¬ 
trations of nitrogen, potassium, or sulfur. Furthermore, 
fuel and logistic concepts based on the use of 
compacted biofuels with high energy densities 
(like briquettes and pellets including pellets from 
torrefied biomass) will be more and more interesting 
in the future and can improve the total efficiency and 
economy of energy supply concepts. 


Abbreviations 

BoP 

Balance of plant 

CHP 

Combined heat and power plant 

GCV 

Gross calorific value 

GHG 

Greenhouse gases 

LEC 

Levelized electricity generation costs 

NCV 

Net calorific value 

ORC 

Organic Rankine Cycle 

SCR 

Selective catalytic reduction 

SNCR 

Selective non-catalytic reduction 
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Glossary 

Biomass Biomass is defined as material of biological 
origin excluding material embedded in geological 
formations and/or transformed to fossil. 

DALY Disability-adjusted life years or DALYs, 
a measure combining years of life lost due to dis¬ 
ability and death. 

GIS Geographic Information System which embodies 
a spatial data base and mapping capability. 

GWP Global warming potential, a measure in 
carbon dioxide equivalent terms of the climate 
change potential of different compounds in the 
atmosphere. 

HHV Higher heating value or Gross Heating Value 
(GCV), the energy released on complete combus¬ 
tion including the latent heat of the condensation of 
water produced in the combustion. 

IEA International Energy Agency, a body of the OECD 
(Organization for Economic Co-operation and 
Development). 

ICS Improved cookstove - a range of technical inno¬ 
vations to improve efficiency and mitigate emis¬ 
sions in an affordable package. 


Lambda Symbol X = mass of air supplied/mass of air 
required for complete combustion to water and 
carbon dioxide. 

LHV Lower heat of combustion - see HHV, the differ¬ 
ence is that the LHV does not include the latent heat 
of condensation. 

LPG Liquefied petroleum gas customarily propane 
and or butane. 

MDG Millennium development goals of the United 
Nations, an ambitious set of targets for human 
development of the poorest people in the world. 
NMHC Non-methane hydrocarbons or sometimes. 
NMVOC Non-methane volatile organic carbon. 

PIC Products of Incomplete Combustion which 
include reactive organic molecules and carbon 
monoxide, as well as unburnt carbon, which is 
a particulate often called soot. 

WBT Water boiling test, a widely agreed upon labora¬ 
tory protocol to measure the efficiency of cook- 
stoves under standardized conditions. 

Definition of the Subject 

Biomass cookstoves are at the nexus of food and energy 
poverty in developing countries. Superficially, biomass- 
fueled cookstoves are simple objects that contain a fire 
and transfer energy to a surface or vessel in which food 
can be cooked and water boiled. However, the simplic¬ 
ity is illusory because just as in industrial economies 
the energy needed to service the food chain from farm 
or garden, to fork or chopstick, is a large and significant 
burden on the household economy especially in poorer 
households. This burden is not just economic, but 
impacts social, humanitarian, and equity issues that 
directly affect the lives of more than one third of 
humanity, and impact on the global environment, via 
the link with climate change gas emissions. 

The key challenge is that very low cost biomass- 
fueled small appliances are an unsatisfactory technol¬ 
ogy for efficient and nonpolluting combustion. Over 
70 years ago the move to improve stoves started in 
India, with one of the first to reach national distribu¬ 
tion being the Magan Chula with a mud and pottery 
mix construction [ 1 ] developed in 1947 by the All India 
Village Industrial Association (AIVIA), Maganwadi. 
AIVIA was initiated by Gandhi to further rural 


M. Kaltschmitt et al. (eds.), Renewable Energy Systems, DOI 10.1007/978-1-4614-5820-3, 

© Springer Science+Business Media New York 2013 

Originally published in 

Robert A. Meyers (ed.) Encyclopedia of Sustainability Science and Technology, © 2012, DOI 10.1007/978-1-4419-0851-3 




Biomass Energy Heat Provision for Cooking and Heating in Developing Countries 


329 


development in India [2]. The development was in 
a context of providing employment opportunity for 
potters as well as to improve the lives of women 
through efficiency and cleanliness improvements of 
biomass-fueled stoves in the kitchen. A similar ethos 
of multiple objectives is behind the recently announced 
public-private initiative “Global Alliance for Clean 
Cookstoves” coordinated by the UN Foundation [3] 
with the goal of “save lives, improve livelihoods, 
empower women, and combat climate change by cre¬ 
ating a thriving global market for clean and efficient 
household cooking solutions.” 

This entry explores the technology background to 
these issues and the possibility of their amelioration. 

Introduction 

In the OECD countries, the logistics chain from the 
farm gate to the fork on the table is a major component 
of the economy and the energy system. Agriculture 
itself is a major consumer of energy, but surprisingly 
it is in the post-harvest system that there is a larger 
consumption of energy. This is found in the chain: food 
processing and brand marketing (processing); food 
and ingredient packaging (packaging); freight services 
(transportation); wholesale and retail trade and mar¬ 
keting services (wholesale/retail); away-from-home 
food and marketing services (food service); and house¬ 
hold food services (households). Using the national 
input-output tables exemplarily for the US economy 
the energy use in an industrial society from the farm to 
the table is about 15% of the total primary energy use 
[4]. Processing, food services, and households account 
for 60% of the food-related energy flows, while agri¬ 
culture represents less than 15%. With 110 million 
households in 2002, the food-related energy consump¬ 
tion (after the farm gate) is almost 110 GJ per house¬ 
hold. With an average household size of 2.6, the per 
capita usage is 42 GJ. 

In the rural rice economies of Southeast Asia, with 
populations still preparing most of their food at home, 
food has its origins locally without the major packag¬ 
ing, transportation, and wholesale/retail components 
of the chain in industrialized countries, and this 
results in a food chain demand that is much less than 
that of industrialized countries. Absent Leontief style 


input-output tables for developing countries suggests 
that the estimates that correspond to the US case are 
hard to obtain. A 90-country average of 4.1 GJ caput -1 
for the individual energy use in the post-harvest system 
was found in the middle of 1980s [5]. However, as 
would be expected the values varied widely by country 
with as low as 4 GJ caput -1 for Africa, and a high of 
7.75 GJ caput -1 in Latin America. By far, the largest 
share of energy in the post-harvest system in develop¬ 
ing countries is in cooking - representing 85% in 
Africa, and only 61% in Latin America, with the aver¬ 
age being 74%. 

The large difference in the per capita energy con¬ 
sumption post harvest in developing countries versus 
that of the USA, and the very high proportion that is 
involved in household cooking serves to emphasize the 
critical role of cookstoves in development. 

The developing country nexus of energy, nutrition, 
health, indoor and outside air pollution, and degrada¬ 
tion of the environment has received considerable 
attention in the last 60 years. In India, the Magan 
Chula was a response to indoor air pollution though 
OECD country interest did not become significant 
until there were concerns of deforestation [6]. This 
was then followed by assessments of health, gender 
issues, social equity, and more recently the global 
warming potential of the emissions from biomass 
burning. The impact of these is very dependent on 
the number and quality of biomass cookstoves and 
the quantity of fuel that is used. Such data is very 
hard to obtain and the available estimates are a combi¬ 
nation of survey data as well as model assumptions. 

The International Energy Agency (IEA) estimates 
that about half of the population of developing coun¬ 
tries, 2.5 billion people, relies on biomass in the form of 
fuelwood, agricultural residues, and animal dung, and 
the biofuel charcoal to meet their needs for cooking. In 
many countries, these fuels meet over 90% of house¬ 
hold energy needs. These needs are primarily for 
cooking, followed by heating, and lighting. The devel¬ 
oping country household energy use is estimated at 
45 EJ y -1 , and the biomass demand is about 32 EJ. 
This is often described as traditional biomass use, in 
order to distinguish it from the approximately 15 EJ 
of “Combustible renewables and waste” an IEA 
classification that includes municipal solid waste, 
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as well as biomass. The majority of this 15 EJ is used at 
high efficiency in the heat, power generation, and 
industrial sectors of the developed economies [7, 8]. 

Despite the large amount of primary energy going 
to cookstoves, the efficiency of use is quite low com¬ 
pared with cooking either with natural gas or LPG. The 
IEA has carried out the thought experiment of 
replacing biomass cookstoves by LPG estimating that 
1.3 billion people would require only 30 Mt of LPG or 
1.5 EJ suggesting that replacement of all biomass in 
cooking by efficient fossil-fueled appliances would 
have a negligible effect on world fossil hydrocarbon 
consumption [8]. Another estimate by Goldemberg, 
quoted by [9], is that 2 billion people would need 120 
million tons of oil equivalent or approximately 5 EJ. 
The efficiency of LPG stoves versus the three-stone 
stove system is about four times greater with minimal 
emissions other than carbon dioxide. 

Another way to make this biomass fuel estimate is 
from the bottom up, working from the types of device, 
and their efficiencies. Cookstoves at the household 
scale typically have a steady state power output in the 
range of 1-3 kW, with peak outputs near to 10 kW. 
Institutions such as schools and hospitals, as well as 
food vendors and restaurants also use household scale 
stoves and larger units going up to 50 kW thermal 
output. The duty cycle for cookstoves ranges from 
one or two meals a day, say 3 h of usage total, in 
many households, to much longer for diets that include 
long cook cycles, as well as in institutional settings. 

The estimates of the number of people dependent 
on solid fueled appliances vary widely. Especially as it 
has long been recognized that there is an economically 
driven energy stack [10], such that the poorest at the 
bottom of the stack will likely use only biomass, while 
a person much further up the economic ladder may still 
have a biomass-fueled stove, but will also use electricity, 
natural gas, LPG, or charcoal. In the business world, the 
energy stack would be described as a portfolio to reduce 
risk, since when there is no electricity, or the supply of 
LPG is unavailable, then there is biomass to fall back 
on. The World Bank considers that the number using 
biomass is three billion, with one billion almost totally 
dependent on biomass fuels [11]. 

If an average daily duty cycle of 4 h, and assuming 
a 2 kW output from a 10% efficient stove then with one 
billion people in an average household of four persons, 


the annual energy demand is 7.3 PWh or 26 EJ. 
This value is of course a floor value for the impact, as 
many more people with presumably a lower duty cycle 
will also be using biomass. Thus, both bottom up 
assumptions and the combination of survey measure¬ 
ments and statistics arrive at a very similar value for the 
range of primary energy consumption by cookstoves 
30-45 EJ. 

The need for cooking is integral to the life of mod¬ 
ern humans. Evolution over the last 200,000 years has 
taken the species Homo , from a diet of fruits and tubers, 
with some meat, to a diet in which for many meat is 
rare and cereals such as rice, corn, and wheat and starch 
staples such as potato and cassava are the primary 
source of metabolic energy [12]. Cooking is essential 
for the modern human to be able to access the energy of 
hard-to-digest foods, render them more palatable, 
eliminate toxins, and reduce microbiological risks 
[13, 14]. The extent or duration of cooking and the 
temperatures needed for different tasks such as boiling, 
simmering, frying, and baking unleavened bread are 
very diverse, and this is reflected in the range of stoves 
from the Plancha type used for maize foods such as 
tortillas, to the Chula type used primarily with water 
boiling and simmering applications. 

It has been chosen not to illustrate this entry with 
any figures showing either the three-stone stove or the 
various ICS as it is more important to understand the 
behavior and dynamics of the cookstove as a class. 
There are literally hundreds of ICS in literature and 
a good selection of photographs and drawings (some 
with dimensions) are to be found within the references 
[1, 15, 16]. 

To make foods nutritious, the cooking times 
will also be an important determinant on the fuel 
consumption. An interesting study of the effect of 
altitude on the wood consumption when cooking 
beans highlights the importance of cooking time 
on the energy consumption in preparing cooked 
food [17]. 

Biomass Use in Stoves: Environmental Impacts 

The environmental impact of the biomass stove 
sector ranges from local resource depletion, due to 
overconsumption, through to indoor and outdoor pol¬ 
lution. Indoor pollution is associated with a horrendous 
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health impact mainly on women and children and is the 
subject of a separate section, while external pollution has 
local, regional, and global impacts. 

Biomass Resource Impacts 

The primary issue is the balance between biomass 
growth and productivity, and the rate of consumption. 
The production of wood fuels is generally local and 
regional with only limited trade between regions on 
account of the large bulk and low energy density of 
solid wood. Other biomass fuels such as stalks and 
straws or dung have even lower energy densities. 
Local demands depend on population density and 
have seasonal variations. Access to the wood fuel 
resource will depend on the availability of land, prox¬ 
imity of woodland and forest, and their access rules. 
The latter will depend on the nature of the forest land, 
whether it is for wild life conservation, water catchment 
protection, and the timber production policies of the 
national and regional governments. 

While there have been many popular press stories of 
deforestation attributed to fuelwood use - more empir¬ 
ical research has revealed a much more nuanced story 
with the number of users that are using wood and other 
biomass resources non-sustainably much less than 
anticipated. A partnership between the FAO Forest 
Products Service and the Ecosystem Research Center 
(CIECO) of the National University of Mexico 
(UNAM) has generated and tested a GIS based system 
for identifying and determining priority areas for inter¬ 
vention to support wood energy and bioenergy planning 
and policy formulation. The tool that was developed 
WISDOM (Woodfuel Integrated Supply/Demand Over¬ 
view Mapping) [18] has been applied to Southeast Asia. 
In combination with poverty data, the tool enabled the 
identification of areas where poor rural and urban 
populations that depended primarily on wood fuels 
for their subsistence energy supply would be likely to 
suffer severe shortages thus allowing the appropriate 
poverty alleviation and energy development planning. 

The Southeast Asia analysis [19] showed how diffi¬ 
cult it is to generalize about both malnutrition and 
woodfuel; while in 2000 one quarter of the regions 
population, almost 66 million people live in concomi¬ 
tant conditions of poverty and wood fuel deficit, 35% 
are in areas of high to medium surplus wood fuels. 


The most vulnerable countries in the region are 
Cambodia and Vietnam, while most other countries 
had only pockets of poverty and deficit - mostly 
those with better biomass resources as in Lao PDR, 
Malaysia, and Yunnan PRC. 

Given the land use competition in many regions, 
there has been extensive research into wood species 
with characteristics suitable for combustion, with 
rapid growth and low nutrient requirements being 
desirable qualities [20, 21]. 

Much work has been done on the consumption side 
and in the historical evolution of cookstove develop¬ 
ment. The initial emphasis was on efficiency for the 
production of Improved Cookstoves (ICS) in relation 
to the perceived fuel wood shortages. 

Cookstove Efficiencies and the Design of Improved 
Cookstoves (ICS) 

The efficiency of biomass-fired cookstoves is low espe¬ 
cially when compared with large scale solid fuel-fired 
industrial and power generation units. 

What exactly is meant by efficiency? There are two 
stages in the chain from the biomass fuel to the cooked 
meal. The first stage is the generation of the heat from 
the chemical energy content of the fuel. The second 
stage is the transfer of this heat by convection, conduc¬ 
tion, and/or radiation to the food or the container in 
which the food is being cooked. Each of these stages has 
potential and actual losses, which need to be 
minimized. 

In the first stage, the key is to have complete com¬ 
bustion in which all of the carbon and available hydro¬ 
gen contents of the fuel are converted to carbon dioxide 
and water, and all of the resulting energy is transferred 
to the heat carrier. Combustion of fuels containing 
carbon and hydrogen in air (oxygen) only takes place 
in the gas phase, and as will be seen this has serious 
consequences for how efficient the process will be. This 
means that solid and liquid fuels, such as wood and oil, 
have to produce fuel gases either by pyrolytic decom¬ 
position or volatilization for the combustion to take 
place. This is explained from the combustion of 
gaseous fuels to the combustion of solid fuels. 

In the case of a gaseous fuel, the fuel and the air are 
premixed before going into the combustion chamber. 
Normally, this premixing will be realized at a specific 
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air to fuel ratio (expressed as Lambda, X, and defined as 
mass of air supplied/mass of air required for full com¬ 
bustion to water and carbon dioxide). Typically, the 
value of X for a premixed fuel is less than unity. Such 
a premixed fuel is sometimes described as a rich fuel 
mixture when X is below 1.0. Additional air is then 
supplied in the combustion chamber as secondary air 
to ensure combustion under conditions of excess air - 
at which point the combustion is lean with X above 1.0. 
A typical gas flame in a domestic appliance is a laminar 
flow premixed flame in which after ignition, a flame 
front moves down toward the supply of premixed gas at 
a very high temperature - the flame is stabilized when it 
reaches the burner tip. Natural gas flames in air are 
usually transparent to blue in color, and the heat trans¬ 
fer from the flame is to the heated mass of combustion 
products that are diluted by the surrounding air. There 
is little or no radiative heat loss as the flame is not 
a black body. The chemistry in the flame provides 
energy to dissociate the fuel into free radicals, which 
then react with the oxygen in the air to provide heat. So 
long as the thermal energy provided by the free radical 
reaction with oxygen exceeds the energy needed to 
dissociate the fuel, the flame is stable. 

When a liquid fuel is burnt, the situation is more 
complex as the liquid must now be evaporated and the 
fuel vapor mixed with air prior to ignition. The liquid 
fuel has to be well dispersed in the air as it evaporates to 
avoid local areas of fuel rich composition. So most 
pressurized liquid fuel burners at a small scale have 
a heated section that serves to evaporate the fuel. 
Thereafter, the flame is similar in concept to a gas 
flame. The alternative arrangement is to have a wick 
to draw the liquid fuel up to a heated area in which the 
fuel evaporates and is mixed with air to burn. In devel¬ 
oping countries both pressurized and wick stoves are 
commonly fueled with kerosene, with serious safety 
impacts due to the large boiling point range and rela¬ 
tively low flashpoint of paraffinic fuels which are some¬ 
times diluted with even more volatile gasoline [22]. 

Solid fuels such as coal and biomass in the form of 
wood, straw, or dried dung have to undergo an even 
more significant transformation. The solid fuel has to 
be heated to a point that it breaks down to generate fuel 
vapors and fuel gases. Then the flame has to provide 
heat continuously to the solid to continue generating 
the fuel that burns. Observation of open wood fires will 


show that the flames are strongest when the faces of two 
burning logs are opposed to each other so that the 
radiative heat from the combustion is trapped between 
them. Conversely, if a flaming piece of wood is pulled 
from the fire, after a short while the flames will be 
extinguished and the wood will only smoulder produc¬ 
ing copious amounts of noxious smoke. This challenge 
of maintaining a radiative heating environment to burn 
solid fuels either at a small scale or in an open fireplace 
has been known for a long time. When open fireplaces 
were common in the 1960s in the USA, patents to 
maintain logs in a triangular pitch configuration to 
enable this radiative trapping to encourage good com¬ 
bustion were quite common [23]. 

Ignition and combustion of solid fuels is complex, 
in part because very often the first process that has to 
take place is drying the material - if the fuel has mois¬ 
ture it has to be removed before the temperature can 
rise to the point where the solid will pyrolize or break 
down with heat. Also not all of the wood or biomass is 
combustible, as it also contains chemical elements that 
appear after combustion as ash - typically the oxides of 
calcium, silicon, and aluminum, along with potassium 
and sodium. In the living biomass, these elements have 
played a major role in the growth process and some 
have been picked up from the soil as dust. In any case, 
they are inert and consume heat without producing 
fuel gases to burn. 

The heating value of a fuel is measured as either the 
higher (sometimes called gross calorific value) heating 
value (HHV) or the lower heating value (LHV; i.e., net 
heating value). The difference between the two is the 
fate of the water produced in the combustion step. If it 
is condensed - as happens in the bomb calorimeter that 
is used to measure fuel energy content. The HHV is 
greater than the LHV by the heat of condensation of 
water. Normally combustion systems only yield the 
LHV energy, as there is no water condensation. 

The heating values of fuels are given in Table 1. Here 
the large effect of water content between green fire¬ 
wood and the air dried versus the bone-dry wood can 
be seen. This emphasizes the need for dry fuels in 
biomass combustion. Moisture not only lowers the 
heating value, but also increases the lambda needed 
and reduces the maximum flame temperature. 

More accurate values of biomass composition and 
heating values can be obtained from the database 
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Biomass Energy Heat Provision for Cooking and Heating 
in Developing Countries. Table 1 LHV of fuels on a mass 
basis 


Fuel type 

Heating value (LHV) 
MJ kg -1 

Wet or "Green" firewood; 50-60% 
moisture 

8 

Cow dung - dried 

10 

Tree residues: twigs, leaves, forest 
duff, etc. 

13 

Agricultural residues: straws, 
stalks usually dry 

13 

Air dried firewood; 20% moisture 

15 

Densified briquettes: straw, rice 
husk, bagasse 

16 

Oven or "Bone" dried firewood; 
<10% moisture 

20 

Charcoal 

28 

Charcoaled briquettes 

30 

Kerosene 

44 

Biogas (55:45 methane: carbon 
dioxide volume) 

16 

LPG - liquid propane gas 

46 


Adapted from [24] 


(http://www.ecn.nl/phyllis) which enables access to be 
made to different species, which have different heating 
values as a result of compositional differences. At the 
level of cookstove technology such differences will not 
be crucial in determining performance. 

Combustion Principles and Their Application 
to Stoves 

To get the highest efficiency out of a solid fuel requires 
that all of the chemical energy is realized by converting 
all of the carbon and available hydrogen into carbon 
dioxide and water. At a very large scale, such as indus¬ 
trial boilers, it is possible to construct the combustion 
section separate from the heat transfer section, even 
though they are closely coupled. The enclosed combus¬ 
tion section can also be carefully controlled with 
respect to the addition of air to achieve combustion 
with the minimum of excess air. It turns out that the 


key variables to control are the temperature (T), the 
duration of the combustion (time = t), and efficient 
mixing of the air oxidant with the solid fuel derived 
flammable volatiles (turbulence = t). 

Temperature is very important since the rate of 
oxidation kinetics of the gaseous fuel species increase 
with temperature, while the higher temperatures feed¬ 
back heat by radiation to the solid fuel surfaces encour¬ 
aging pyrolysis and cracking of the solid fuel, and 
increasing the rate of surface reactions. Thus, at its 
simplest, the temperature has to be very high, and 
under conditions of lambda close to unity, the adia¬ 
batic flame temperatures for biomass can be above 
1,600°C. Such high temperatures are a challenge to 
many metals, with softening temperatures of mild 
steel occurring around 550°C despite a melting point 
of 1,525°C. Even stainless steel AISI 310 can only oper¬ 
ate safely at 1,100°C under small strain. Thus, to main¬ 
tain high temperatures, it is typical to have refractory 
lining in boilers and combustors to protect the struc¬ 
tural steels used. 

While ceramic refractories have high melting 
points, they have to be specified very carefully against 
the mineral matter in the solid fuel. Alkali metals 
(especially potassium and sodium) can form new 
refractory compositions with different properties 
including phase changes that spall the refractory thus 
losing the protection. The mineral matter in biomass 
can also react to form low melting point eutectics that 
form fluxes and bond the mineral matter together in 
a slag or clinker that causes mechanical problems in 
combustion systems. 

Time is the second component of successful com¬ 
bustion, because sufficient time is needed for reactions 
to go to completion. The time required is a complex 
relationship with the partial pressure of oxygen and 
temperature. When both are high, the reaction time is 
short. At lower temperature conditions, the reactions 
may well not go to completion, with for example the 
oxidation of organic compounds resulting in products 
of incomplete combustion (PIC) which include reac¬ 
tive organic molecules and carbon monoxide, as well as 
unburnt carbon which is a particulate often called soot. 

Turbulence or mixing is essential if individual vol¬ 
umes inside of the combustion zone are not to locally 
consume the available oxygen (i.e., X < 1.0), and result 
in PIC formation. Turbulence is also an aid to heat 



















334 


Biomass Energy Heat Provision for Cooking and Heating in Developing Countries 


transfer after improving the convective heat transfer 
from the combustion chamber to the cooking vessel 
or boiler ensuring that the average temperature is as 
high as possible. 

A separate concept related to turbulence is also 
important, and that is draft. Blowing on the embers 
of the fire will rapidly increase the temperature from 
black to bright red and accelerate the combustion. In 
the industrial scale boilers, there is forced draft with 
quite high air velocities meeting the solid fuel and 
combustible gases in the range of 5-10 m s -1 . In 
domestic heating appliances a critical component is 
the chimney - an insulated tube after the firebox. 
Here the low density of the hot post combustion flue 
gases (typically half to one third that of the ambient air) 
causes the external atmospheric air to enter the firebox 
and propel the flue gases up the chimney until they are 
dispersed in the atmosphere. Long chimneys and very 
high temperatures can create a very high pressure dif¬ 
ferential and thus a high air flow - controlling the area 
of the air inlet to the firebox can create high linear 
velocities or a high draft to enhance the temperature. 
Kilns to produce lime from limestone (CaC0 3 ) and 
even iron bloom production has been carried out in 
dry wood-fired shaft furnaces [25]. The key to high 
temperatures whether in a kiln or a firebox is to have 
a high rate of heat release relative to the rate of heat loss 
through the walls by conduction and radiation, and in 
the flue gas. 

Once the chemical energy of the solid fuel has been 
released through combustion, the next challenge is to 
efficiently transfer that heat to the cooking vessel, 
boiler, or process. 

Heat transfer has several modes, namely, radiative, 
conductive, and convective transfer. A very high tem¬ 
perature source above 1,000°C can radiatively transfer 
a large amount of heat per unit area of a surface to its 
surroundings. Heat can also be conducted through the 
walls of the combustion system to the required appli¬ 
cation. Finally the heat can be transferred convectively 
from the combustion gases to the recipient. As an 
example in an industrial boiler, the water cooled walls 
remove radiative heat from the combustion volume, 
and the first bank of boiler tubes are heated both by 
radiation and by convective heat transfer, while the 
downstream tubes receive convection heat. Convective 
heat transfer depends on the velocity of the gas flow, 


the exposed surface area, and whether or not the 
flow is turbulent or laminar. 

The Rocket stove [26] is an example of an innova¬ 
tion that responds to the physical and chemical 
requirements for good combustion and heat transfer 
at a small scale in an interesting and relatively low tech 
way. The design starts with a single opening for both 
fuel and the air for combustion - thus allowing the 
control of lambda, while the number of sticks (i.e., the 
rate of fuel) addition to the combustion chamber con¬ 
trols the rate of heat release in a relatively small volume. 
The combustion chamber is a small insulated volume 
at the base of an insulated chimney. The chimney pro¬ 
vides the draft to draw in the combustion air, and the 
fuel burn out is completed as the primary combustion 
products traverse its length. Heat transfer is obtained 
at the end of the chimney and requires a good fit 
between the pot and the chimney termination - some¬ 
times aided by a pot skirt (an annulus that channels 
the flue gases up and along the sides of the pot) to 
ensure that the hot flue gases transfer their heat by 
convective heat transfer. Such stoves have a much- 
improved efficiency and also burn out much more of 
the PIC resulting in lowered carbon monoxide and 
particulate emissions. 

Biomass Cookstoves 

The most frequent form of biomass combustion is in 
a simple hearth. The fuel, wood, straw, or other mate¬ 
rial placed on the ground is ignited and then fuel is 
added to the fire, while some sort of support for 
a cooking vessel is arranged over the fire to receive the 
heat to boil water, or provide a surface for cooking 
breads, or grilling meats and fish. Prehistoric hearths 
provide evidence of cooking and social life to 
archeologists, and the carbon remaining in the hearth 
is often used to carbon date the site as far back as 
750,000 years [27]. 

The hearth can be against a back wall, or free stand¬ 
ing with what is a common arrangement of three stones 
in a triangle, with two of the three stones set in the 
ground for stability, and the third moveable to accom¬ 
modate different sizes of cooking vessel. Three-stone 
stoves are easily assembled, easy to regulate, burn 
a wide variety of fuels, shapes and sizes, and also pro¬ 
vide light, heat, and social focus [6] today as they did in 
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prehistoric times. The power output is controlled by 
the addition or withdrawal of fuel. If the fuel is wood, 
then sticks or branches are fed from the edges toward 
the center where the flame is. While the flames move 
out from the center to the edges along the sticks, their 
radial spread is limited as the burning zones get sepa¬ 
rated and no longer have coupled heat transfer by 
radiation, and effectively are extinguished. In order to 
maintain constant power output, fuel has to be con¬ 
stantly moved toward the center of the fire. Since the 
flame is in the open, windy conditions will cause fluc¬ 
tuations in the output by literally blowing the heat out 
from under the cooking pot. The low cost of the three- 
stone stove is because it uses widely available materials, 
and the efficiency under controlled conditions can be 
surprisingly high. However, the emissions as smoke 
and PIC are also very high. In engineering terms, the 
fuel on the ground with fire in a radius of 5-20 cm is 
a very small-scale approximation of what is called 
a pool fire. Since the fuel is confined to a stationary 
surface, the air supply for combustion has to sweep 
over the top of the fire and can only be drawn in 
through the buoyancy of the hot combustion gases. 
The convective force and the large external area for 
the fresh air access combine to provide a very small 
draff velocity. So, temperatures are low, and like in 
a diffusion flame there are fuel rich (i.e., high in PIC) 
zones separated from the mixed combustion zones. In 
nearly all ICS, the fire is supported on a grate with the 
idea that primary air flows through the fuel bed with X 
below 1. Then above the fuel bed, secondary air (some¬ 
times preheated) is added to complete the combustion 
with X above 1 to get around the issues of the pool style 
buoyant combustion of the three-stone fire. 

Efficiency of cookstoves is a surprisingly difficult 
thing to measure and or define. The topic will be 
returned to later. However, here it is supposed that 
it is measured by the heat delivered to the pot 
relative to the heat input to the stove. For exam¬ 
ple, three-stone efficiencies are described of up to 
20-30+% under laboratory conditions in which the 
rate of fuel supply is controlled and the pot dis¬ 
tance to the fire is varied for maximum heat 
transfer [1,28]. 

One of the most widely accepted measurements 
of stove efficiency, the Water Boiling Test (WBT) 
originated with VITA [29]. Basically, the test 


methods simulate the high power phase needed to 
bring a food to a boil, followed by a low power (i.e., 
to simmer) process of cooking while using water to 
simulate food. 

Stove performance is measured by its Percent Heat 
Utilized (PHU). Alternatively, the Specific Consump¬ 
tion (SC) can be specified. The Percent Heat Utilized 
of a stove is the percentage of heat released by the fire 
that is absorbed by the water in the pot. The Specific 
Consumption is the total quantity of wood used for 
the simulated cooking process divided by the amount 
of water “cooked.” Results from tests for different 
stoves can be used to rank the stoves, and more use¬ 
fully the development of a standardized test was 
important as researchers tried to understand the effect 
of different design parameters. Nevertheless, boiling 
water in a controlled laboratory setting is not likely to 
reflect the real world situation of cooking different 
foodstuffs in a home or institutional setting. The 
current accepted version of the boiling water tests is 
obtainable from ehs.sph.berkeley.edu/hem/hem/.../ 
WBT_Version_3.0_Jan2007a.pdf. The experience of 
stove performance in the field can be correlated with 
the laboratory test. Other more realistic tests have been 
devised by many research groups under names such as 
CCT (Controlled Cooking Test) or the KPT (Kitchen 
Performance Test). 

Table 2 summarizes the results not just of the Water 
Boiling Test (WBT) (3.0) but also of the WBT (4.0), 
which includes emissions testing of stoves (for WBT 
(4.0) see http://www.pciaonline.org/testing/wbtcomment). 

In a series of tests of stoves without chimneys in five 
broad classes, the following results were obtained 
(Table 2). 

The detailed results behind Table 2 are the median 
value and a range. Though, it should be noted that the 
number of stoves tested in each class is varied, and that 
outliers have been neglected. Tests on a smaller group 
of stoves show very similar performance thus showing 
the value of the WBT as a universal test tool in the 
design and evaluation of stoves [30]. The value for 
energy use in charcoal fired stoves is not that which 
was measured during the WBT, since charcoal is 
a biofuel with significant energy losses in its produc¬ 
tion. The measured WBT value of 20 MJ has been 
multiplied by 2.5 to reflect the energy lost during arti¬ 
sanal charcoal production. 
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Biomass Energy Heat Provision for Cooking and Heating in Developing Countries. Table 2 Summary of efficiency and 
emissions performance of several classes of woodstove data derived from [15] 


Stove type 

MJ in WBT 

CO (g) 

PM (g) 

Three stone 

22+/—8 

70+/—25 

1.6+/-0.8 

Simple ICS 

15+/—5 

50+/-10 

2.5+/—2 

Rocket 

13+/-3 

18+/-3 

1.0+/-0.6 

Gasifier 

20+/—5 

22+/—6 

0.5+/—0.25 

Forced air 

10+/-1 

5+/—2 

0.1+/—0.05 

Liquid/gas 

8+/—2 

5+/—2 

< 10 mg 

Charcoal 

50-60* 

100+/—20 

0.25 


Correcting for the efficiency of charcoal production from fuelwood 


What is clear from the results is that fan-assisted 
forced air circulation stoves using small wood pieces 
can achieve nearly the same performance in all three 
categories as a propane stove. The requirement for 
fuel preparation to small dry pieces may be 
a constraint in many circumstances. Typically, the 
size of the fuel particle should be below 10% of the 
combustion zone diameter and with the high draft 
of the forced air circulation stove the combustion 
zone is quite small with a very high rate of heat 
release. 

Another feature of note is the scatter of perfor¬ 
mance in the simple stoves. It is known that dimen¬ 
sions for the combustion chamber and the fit with the 
pot are actually quite critical and that varying 
manufacturing tolerances can result in stoves that 
are marginally more efficient, but with very little 
improvement in the emissions profile over the three- 
stone stove. 

Health Effects of Biomass Cookstoves 

The impact of using wood-fired cookstoves indoors has 
been known for a long time with a strong and direct 
link to diseases such as COPD (Chronic obstructive 
pulmonary disease) and weaker links to low birth 
weights of children and premature cataracts in adults 
exposed to open fires such as women and children. The 
topic did not start to rise to the top of the research 
agenda until a major analysis was published [31]. This 
was more fully quantified by the World Health 


Organization in a paper [32] which ranked indoor air 
pollution as 8th in the list of disease risk factors being 
responsible for 2.7% of the global burden of disease. 
The overall burden due to indoor air pollution from 
stoves measured in Disability-Adjusted Life Years or 
DALYs, (a measure combining years of life lost due to 
disability and death) is five times greater than that of 
outdoor air pollution. The statistics for high-mortality 
developing countries show that indoor air pollution is 
responsible for 3.7% of the overall disease burden. 

A major call to action by the WHO [11] outlines in 
detail what the issues and their impacts have on the 
United Nations’ Millennium Development Goals 
(MDG). There are no energy topics in the MDG, 
despite the lack of clean energy availability being the 
ultimate cause of many problems that are being iden¬ 
tified as MGD. The proximate MDG goals affected are: 
#4 child mortality reduction; #3 gender equality and 
empowerment of women; #1 opportunities for income 
generation and extreme poverty eradication; as well as 
#7 on ensuring environmental sustainability. 

The international community has rallied around 
this cause in the last decade. The Shell Foundation 
(www.shellfoundation.org) has a major program 
“Breathing Space” which takes the view that the indoor 
air pollution challenge has to be solved through mar¬ 
ket-thinking and private sector involvement. This is 
a break with former programs in which NGOs and 
governments have given away or subsidized ICS. 
There is a partnership with Envirofit International, 
a US not-for-profit organization to design and market 
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a new range of improved stoves - and to find commer¬ 
cial partners to manufacture and distribute stoves. 
Their aim is to see 10 million stoves sold in five 
countries in the next 5 years. 

The umbrella organization addressing the cook- 
stove challenge is the Partnership for Clean Indoor 
Air (PCIA; www.pciaonline.org). Established in 2002 
after the Johannesburg World Summit on Sustainable 
Development, the PCIA has garnered over 400 public 
and private organizations who contribute resources 
and expertise to address four critical areas: (1) meet¬ 
ing social and behavioral needs; (2) developing 
local markets; (3) improving technology design 
and performance; and (4) monitoring impacts and 
interventions. 

Climate Change and Woodstoves 

At first glance, the cookstove impact on global warming 
is the extent of the emissions of PIC. Many of which have 
a Global Warming Potential (GWP) many times that of 
carbon dioxide. However, that would be making the 
assumption that the entire emission of carbon dioxide 
from wood combustion in cookstoves was renewable. 
That is to say the biomass is regrown after harvesting, 
and without any direct land use change (dLUC) or indi¬ 
rect land use change (iLUC). The evidence presented 
earlier as well as many field observations show that 
some proportion of the wood extracted is in fact 
nonrenewable. In the extreme case of high demand and 
adverse climate changes almost all of the biomass fuels 
are nonrenewable as was the case in the Sahel in the 1970 
and 1980 decades when population growth and the 
decadal shift of the tropical inter-convergence zone [33] 
created famine due to a drought in the Sahel [34] . Food 
and energy poverty were extreme across the entire 
southern boundary of the Sahara. 

The situation in Africa was the reason for the height¬ 
ened interest in biomass-fueled cookstoves in that 
period. Today it is clear that there is some degree of 
deforestation, and of land degradation in all areas with 
large scale use of biomass for heating and cooking, due 
for example to increased soil erosion. The extent of this 
nonrenewable biomass use is not known with certainty, 
and has to be estimated. The problem may in fact have 
a high degree of granularity with communities suffering 


shortages within a region that has overall a surplus of 
woodfuels [35]. For India, it is estimated that only 10% 
of the biomass used is nonrenewable [36]. 

The emission of PIC is in inverse relationship to the 
combustion efficiency of the appliance. A linear corre- 
lation has been shown with an R = 0.79 in different 
appliances and using different biomass fuels from fuel- 
wood to straw [37]. Also the ratio of carbon monoxide 
to carbon dioxide produced has been investigated to be 
a good proxy for the measurement of efficiency, which 
as described above is not very easy to accomplish. 

The PIC themselves range from atmospherically 
short-lived complex organic molecules (often described 
as non-methane hydrocarbons NMHC, or non-methane 
volatile organic carbon NMVOC), and carbon monoxide 
with small GWP to long-lived actors with high GWP, 
substances such as methane. 

There are two other biomass combustion sources 
of GWP, nitrogen oxides (NO x ) and particulates. 
The major concern on nitrogen oxides is with N 2 0 
di-nitrogen oxide which has a GWP of 386 times that 
of C0 2 . However, it is difficult to correlate NO x emis¬ 
sion from small combustors, as there are contributions 
from the biomass fuel (Fuel bound nitrogen) and from 
the temperature and time of combustion oxidizing part 
of the nitrogen from the air. The temperature and time 
are related to the actual stove design and its operation 
with respect to lambda. 

Smoke (i.e., particulate emissions) is a major part of 
the health impact of non-ventilated stoves as well as 
having significant GWP. The size range of the particulate 
is very relevant. Farge particles above 10 pm do not enter 
the respiratory system, and are relatively short lived in the 
atmosphere. Smaller particles (PM2.5; i.e., < 2.5 pm in 
diameter) can enter the pulmonary system, and are long 
lived as aerosols in the atmosphere (days to weeks). The 
atmospheric effects of the carbon in the smoke are still 
being debated. All biomass combustion with smoke 
(whether a forest or grass fire, or an open stove with 
low efficiency) generate organic compounds and black 
carbon. These agglomerates enter into the atmosphere 
and become aerosols. Black carbon aerosol absorbs light 
and contributes to warming, while the organic (white) 
aerosol reflects and cools the atmosphere. Eventual depo¬ 
sition of black carbon on glaciers will result in increased 
absorption of solar energy and increase mass loss. 
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Biomass Energy Heat Provision for Cooking and Heating in Developing Countries. Table 3 Estimation of the total 
emissions of C0 2 equivalent for four different stove scenarios 



Basis 

Primary energy 


nr-co 2 

kg C0 2 -equivalent per 
GJ delivered 

Total emissions Gt C0 2 
equivalent 

Stove 

Efficiency 

EJ 

Fraction NR 

Gt 

ch 4 

N 2 0 

CO 

BC 

Emissions 

Including NR C 

3-stone 

0.1 

30.0 

0.30 

0.89 

189.1 

35.5 

166 

430 

2.46 

3.35 

ICS 

0.15 

20.0 

0.20 

0.39 

89.8 

28.4 

70.9 

106 

0.89 

1.28 

Fan-assist 

0.5 

6.0 

0.05 

0.03 

90 

0 

8 

20 

0.35 

0.38 

LPG 

0.55 

5.5 

1.00 

0.36 

0 

10 

0 

0 

0.03 

0.39 


NR nonrenewable biomass resource, BC black carbon, NR C nonrenewable carbon 


A review of black carbon emissions [38] suggests that 
residential use, primarily in cookstoves burning coal 
and biomass, is the major source of black carbon and 
that the region itself is the major contributor of black 
carbon to the atmosphere. The South Asian atmo¬ 
spheric brown cloud (ABC) covers from the Arabian 
sea to the Southeast Asian region for the majority of the 
northern hemisphere winter, and is composed of 
a large number of aerosols including inorganic dust. 
However, a major proportion is derived from biomass. 
The short lifetime of the black carbon in the atmo¬ 
sphere means that it has a short term 20 year-GWP of 
about 2,200 kg carbon dioxide equivalent while the 
100 year-GWP is 500-680 (Table 2 in [38]). 

The estimated 30-40 EJ y -1 of primary energy in 
biomass fuel use in cookstoves assuming there are no 
ICS, and that 10% of the carbon used is nonrenewable 
will have gross emissions of about 2.4-3.5 Gt C0 2 
equivalent, if the cookstove was the three-stone. 
This is computed based on an overall efficiency from 
wood input to energy delivered in the pot of 10%. 
According to [39], the greenhouse gas emissions are 
about 800 kg GJ _ 1 delivered, comprising about half 
black carbon, one quarter methane, 20% carbon mon¬ 
oxide, and some N 2 0. This result is of course very 
sensitive to the assumptions, the stove performance 
envelope for efficiency and greenhouse gas emission 
components. 

From Table 2, the general range of ICS efficiency is 
1.5 times better than the three-stone while the CO and 
PM values are only somewhat different. The original 
data shows that many ICS provide efficiency gains, 


without a significant improvement in the emissions. 
Thus the bottom range of ICS stoves would lead to less 
primary energy consumption, but nearly all of the 
emission components would remain about the same, 
leading to a range of 1.3-1.6 Gt C0 2 equivalent. Moving 
to the rocket stove (at a similar efficiency to the ICS) 
with its known threefold reduction in CO and its almost 
halving of PM would change the equation to greenhouse 
gas emissions of about 350 kg GJ -1 delivered, further 
reducing the emissions to around 0.70-1.0 Gt C0 2 
equivalent. 

The LPG case with its greater efficiency and ignor¬ 
ing the carbon dioxide equivalent costs of the fuel 
distribution system needed to replace woodstoves 
would have an impact of C0 2 equivalent of 181 kg 
GJ -1 of delivered energy - for a total impact in 
replacing biomass primary energy of about 0.4 Gt 
C0 2 equivalent. The forced air biomass stove would 
also achieve LPG like performance on efficiency, meth¬ 
ane, and carbon monoxide, though the particulate 
would still be about 10 times larger than the LPG 
stove, but one tenth that of the simple ICS. 

Table 3 summarizes the assumptions above to arrive 
at the estimated greenhouse gas emissions of the 
biomass-fueled cookstove use. Without an accurate 
basis for estimating the effect of nonrenewable 
and unsustainable biomass removals, the following 
assumptions have been made. The delivered energy to 
the global cook pot is assumed to be 3 EJ y -1 . If the 
entire stove population was the three-stone fire at 10% 
efficiency (probably a low estimate) then the 30 EJ of 
input required would be unsustainable, with 30% of 
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the biomass being nonrenewable. Increasing the effi¬ 
ciency to 15% for the lower end of the ICS population 
would require only 20 EJ of input and an estimated 
nonrenewable contribution of 20%. At the efficiency 
of the fan-assisted stoves only 5% is proposed as 
nonrenewable due more to local situations of fuel 
wood deficit rather than regionally. 

Findings and Discussion 

The domestic biomass cookstove as it exists today is 
responsible for a wide range of diseases and illnesses 
that rank it 8th in the list of human health hazards, and 
for humanitarian reasons this has to be mitigated. The 
economic cost of the biomass cookstove is also very 
large both to those directly affected, and through the 
impacts on the climate system. However, the local effect 
is hidden when the economy is not monetized. Illness, 
low productivity, and the time spent in wood and 
biomass collection by women and children are all com¬ 
ponents of this cost to the individual and society. And 
while climate change mitigation is also important, the 
likely level of greenhouse gas (GHG) is somewhere 
between 1.3 and 3 Gt of C0 2 equivalent, and this is 
less than 10% of the most recent global estimate of the 
total direct fossil fuel emissions of carbon dioxide at 
30.8 Gt in 2009 [40] . Like the challenge of reducing the 
GHG impact of automobile use - the solutions involve 
the purchasing and use decisions of billions of people 
and are thus unlikely to be effective without major 
technological changes in the stove technology. There 
are advantages in combining society’s response to both 
the health and climate challenges along with meeting 
the Millennium Development Goals [41]. 

The thought experiment of replacing all biomass- 
fired appliances with LPG, if carried out would remove 
the health impacts, and surprisingly it would also 
reduce the climate change impact as measured by 
total GWP of cookstoves by a factor of 4-5 despite the 
fossil carbon content of LPG. At the same time, the use 
of LPG would remove pressures on the natural envi¬ 
ronment due to wood harvesting. 

This utopian solution is far away, and may never be 
realized. Even today, when the UN High Commission 
for Refugees has to meet humanitarian crises the energy 
source that is most often used is the biomass and wood 


resource available locally. The logistics and the direct 
costs make this the solution of choice for field kitchens 
and for family use in camps for internally displaced 
persons or refugees. 

With a world population that is gradually urbaniz¬ 
ing the number of people without access to modern 
energy should decrease, as it is much easier to serve the 
high population densities of cities and the peri-urban 
areas with electricity and gas. Nevertheless, the rural 
energy challenge will remain and will require ICS and 
wherever possible more efficient fuels. 

However, as is well known, ICS diffusion has con¬ 
tinued to meet many obstacles since the World Bank 
surveyed this question in 1994 [42] . Even an assessment 
from 1995 has its echoes today in the many programs 
that have tried and failed to gain the traction needed for 
wide scale dissemination [43]. More recent sources 
(e.g., [44]) emphasize that in less-developed countries 
and especially in sub-Saharan Africa the majority, that 
is, 90% and 83% respectively lack access to modern 
fuels. Worse still given the initial concerns about the 
Sahel discussed in the introduction only 6% of those 
using traditional biomass in these regions have access 
to ICS. 

The 60+ years of attempts to diffuse improved 
stoves and the extensive technical research of the last 
2 decades have arrived at a single conclusion. 

Simply put there is no easy low cost technological fix 
for unvented natural draft biomass-fueled cookstoves. 

The theoretical and detailed practical background 
description above shows that at small scales of average 
thermal output around 2 kW for solid fuel combus¬ 
tion under natural draft conditions, the efficiencies 
are poor and emissions are higher than those 
recommended for 8 h exposures by the World Health 
Organization (WHO). Miniaturizing forced draft 
combustion with small particle size fuels can come 
close to LPG in efficiency and emissions but the fan, 
its electricity supply and maintenance as well as first 
cost means that for most of the population needing it, 
the infrastructure is probably just not there to support 
the technology. Even the diffusion of LPG stoves in the 
development context is challenging, and this is for 
a well defined product, with a very high acceptance 
by the middle class in urban areas in developing 
countries [45]. 
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Technology is extremely hard to describe and to 
define but is clear that ICS technology is much more 
than just the stove or heating appliance and incorpo¬ 
rates many other technologies in the background. The 
evolution of technology itself relies on technology in 
associated areas to be successful as outlined by [46]. 
The Stanford Program on Energy and Sustainable 
Development has attempted to address the question 
of stove technology adoption and reasonably enough 
arrives at three major topics: motivation to acquire new 
technology; affordability; and the magnitude of the 
change in lifestyle and attitudes required [47]. Despite 
going into each of the these areas and producing ratio¬ 
nal explanations, the Stanford study, and many prior 
studies omit to make the key observation about the 
potential community of users of ICS - many of the 
users are in countries that are failing and are members 
of the “Bottom Billion” identified by Paul Collier [48]. 
Curiously, Collier did not actually identify the coun¬ 
tries other than they are mostly in Africa and Asia, but 
what he did identify are the issues that make them fail, 
the traps of: conflict; natural resources; and being land¬ 
locked. Hard-nosed solutions are also proposed that 
impact on the food and energy poverty issues; their 
intention is to put the countries on a growth pathway 
not an aid dependent pathway. 

The history of the last 4 decades demonstrates 
that where stove programs work best is in growth 
economies such as India and China. The challenge 
is to translate this to the Bottom Billion who are 
more likely to be totally dependent on biomass. And 
the challenge is in many more areas of technology 
than just energy. The final observation is a quote 
from a Microsoft pioneer, Kent Toyama who went 
into the promotion of information technologies in 
development [49]. His findings clearly cover much 
more than ICT (information and communication 
technologies). 

“The challenge of international development is 
that, whatever the potential of poor communities, 
well-intentioned capability is in scarce supply and tech¬ 
nology cannot make up for its deficiency.” 

“This point may sound reasonable enough when 
stated in the abstract, but it has an important conse¬ 
quence for anyone expecting to save the world 
with technology: you cant... at least, not unless the 


technology is applied where human intent and capacity 
are already present, or unless you are willing also to 
invest heavily in developing human capability and 
institutions...” 

Future Directions 

Clearly all efforts to improve the kitchen conditions for 
the large population of women and children exposed to 
smoke have to be encouraged. The actions of the two 
major public-private initiatives in this area have to be 
supported. 

Improved statistics on income poverty, food and 
energy poverty, and the use of GIS to pinpoint and 
intervene in areas of high environmental stress is 
needed through the enhancement and maintenance of 
integrated assessment systems such as WISDOM. 

The rapid diffusion of alternatives to natural draft 
biomass stoves is essential whether it is of forced 
air biomass stoves or LPG burners. Both will reduce 
the exposure to pollutants both indoor and to the 
atmosphere with respect to PIC and greenhouse gas 
(GHG) emissions. The natural resource implications 
are of course minimized while the GHG impact is 
also reduced significantly. While research to improve 
user safety and to optimize these systems is needed, 
even more research is needed in the entire logistics 
chain. Since experience to date shows that 
irrespective of cost to the user, and indeed some 
stove interventions have been highly subsidized, the 
net envelope of technologies involved require high 
investments in education and institutions to develop 
receptor capacity and ensure uptake of the clean 
burning technology. 

The post second world war deployment of ICS has 
still not developed a universal and successful model for 
market deployment, nevertheless the current efforts 
have to be expanded while current and past programs 
have to be rigorously evaluated for lessons learned. 
However, it is also evident that natural draft ICS with¬ 
out chimneys have variable performance between dif¬ 
ferent models, especially with respect to PIC and 
particulate emissions. An internationally recognized 
performance and certification process is needed if the 
use of ICS is in fact going to address the health-related 
problems of using biomass. 
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For the poorest billion or so users the cookstove 
problem is just one facet of a much larger problem of 
poverty and is associated with food and energy poverty 
and the need for implementation of the Millennium 
Development Goals to address these. 
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Definition of the Subject 

Combustion of solid biomass is the oldest and most 
mature technology for the production of heat and the 
main source for the provision of renewable heat today. 
The applications of biomass combustion comprise 
a wide range from domestic combustion units with 
installed capacities of a couple of kW to district heating 
plants in the MW range and industrial combined 
heat and power units up to a nominal boiler capacity 
of 590 MW th [1]. 

Biomass is the most important renewable energy 
source in the European Union. In the field of 
energetic utilization of solid biomass, combustion is 
the most advanced and market-proven application. 
Consequently, the energetic use of solid biomass is pri¬ 
marily based on biomass combustion at presence. Bio¬ 
mass combustion technologies cover fixed-bed, fluidized 
bed, and pulverized fuel combustion systems. They are 
currently available for different types of biofuels covering 
a wide range of plant capacities. Concerning plant size, 
the different applications of biomass combustion can be 
divided into small-scale biomass combustion systems 
(capacity range below 100 kW t h), medium-scale 


combustion systems (capacity range between 100 kW th 
and 20 MW th ), large-scale combustion systems (capacity 
range above 20 MW th ), and co-firing of biomass in coal- 
fired power stations (capacity range usually some 100 
MW*). 

Emission of pollutants from biomass combustion is 
due to either incomplete combustion or the release and 
conversion of fuel-bound elements. Incomplete com¬ 
bustion can lead to high emissions of not fully oxidized 
pollutants such as CO, C x Hy, soot, and PAH. Relevant 
improvements to reduce these emissions have been 
achieved by optimized furnace design and process con¬ 
trol; but there are still further improvements possible in 
many cases. The release and conversion of pollutants 
such as NO x , SO x , HC1 and particles are formed 
as a result of fuel constituents (e.g., N, K, Na, Pb, Zn, 
Cl, S). Primary measures such as air staging and fuel 
staging offer a certain potential for NO x reduction, 
which is increasingly used nowadays. Regarding particle 
emissions, so far only secondary measures (like particle 
precipitation units) are effective but only economically 
viable for medium and large-scale units. Further efforts 
and developments are needed for emission reduction and 
for plant optimization as well as for the development of 
combustion technologies for non-wood fuels. In this 
respect especially energy crops and agricultural as well 
as industrial biomass residues are of relevance. 

This chapter describes the present state of technol¬ 
ogy and current developments regarding modern 
medium and large-scale biomass combustion systems. 

Introduction 

Combustion is the most widely applied technology for 
heat and power production from solid biofuels at pre¬ 
sent. Several technologies exist, which are available in the 
size range from domestic heating of a couple of kW 
thermal capacity up to industrial combined heat and 
power production of several hundred MW thermal 
capacity. The traditional biomass combustion technolo¬ 
gies are designed and operated to produce heat. However, 
the importance of combined heat and power production 
is increasing [2]. Power production is commercially 
performed by steam turbines and steam engines in 
large-scale combustion plants and by organic 
Rankine cycles for medium-scale applications, while 
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Biomass Energy Heat Provision in Modern Large-Scale Systems. Figure 1 

Estimated primary energy consumption and total turnover of biomass combustion plants in the EU for 2008 and 
outlook for 2020 (Explanations: small, medium, and large-scale plants considered; small-scale plants: nominal boiler 
capacity below 100 kW th ; calculations based on present market and achievement of EU 2020 targets [3-8] 


technologies such as Stirling engines and micro¬ 
turbines are options for the use in the small scale 
(below 100 kW e i). 

The current European utilization of biomass com¬ 
bustion is mainly applied to the following processes: 

• Heat generation in small-scale domestic applica¬ 
tions for space heating and cooking 

• High-temperature heat production in medium- 
and large-scale applications for district and process 
heat supply (e.g., district heating networks, wood 
processing industries, drying purposes) 

• Steam production for driving steam turbines as well 
as for combined heat and power (CHP) applica¬ 
tions in large-scale units 

• High-temperature heat production for power or 
combined heat and power supply using heat 
carriers (e.g., thermal oil, air) in medium and 
large-scale units. 

In recent years, the thermal utilization of solid bio¬ 
mass for heat and electricity production has gained 
importance. Within the European Union (EU) in partic¬ 
ular, biomass is the most relevant renewable energy source 
and thus contributes substantially to the C0 2 emission 
reduction targets defined within the Kyoto protocol. 

Within the EU, several political measures have been 
initiated with the aim of supporting the utilization of 


renewable energies including the Res-e Directive (2001), 
the EU Biomass Action Plan (2005), Energy and Climate 
Change Package (March 2007), and the Renewable 
Energy Directive (June 2009). Within the scope of these 
measures the following targets have been defined: 

• 20% renewables by 2020 

• 20% reduction of greenhouse gas emissions by 2020 

• 20% increase of energy efficiency by 2020 

• 10% increase in biofuels by 2020 

Figure 1 shows the estimated primary energy 
consumption and total turnover of biomass combus¬ 
tion plants in the EU for 2008 as well as the outlook for 
2020. The calculations are based on the present market 
[3-7] and the assumption that the EU 2020 targets will 
be achieved [8]. The results show that an average 
market growth rate of approx. 8.3% p.a. is expected. 
The overall market volume will grow up to 260% and 
the primary energy consumption from biomass will 
more than doubled until 2020. 

Biomass energy is used for different purposes in 
various countries. While the markets in Sweden, 
Denmark, and Finland are directed toward large-scale 
applications (above 20 MW th ), the focus elsewhere in 
Europe is on small (below 100 kW th ) and medium- 
scale (0.1 till 20 MW^) systems. 
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This chapter explains relevant characteristics of 
biomass fuels and combustion principles, summarizes 
the most common concepts of combustion technology 
for solid biomass fuels used in medium and large-scale 
combustion today, and gives a short overview about 
possible combustion-based technologies for power 
production. In addition, emissions from combustion 
of solid biomass fuels and ash-related problems are 
discussed and research and development trends are 
presented. Co-combustion of solid biomass with 
waste or coal is not covered in this report [9, 10]. 

Characteristics of Biofuels and Combustion 
Principles 

Characteristics of Biofuels 

The chemical composition of biofuels can vary 
concerning both, the concentrations of the main ele¬ 
ments (C, H, O, N) as well as the ash content respec¬ 
tively the concentrations of ash-forming elements. The 
ash content can be seen as a guiding parameter indi¬ 
cating increased ash-related problems with raising ash 
content. However, detailed information about the sin¬ 
gle ash-forming elements is needed in order to evaluate 
a biofuel with respect to different ash-related problems 
that can occur. Thereby also interactions between these 
elements have to be considered. Below some specific 
characteristic parameters of biofuels, which can be 
taken as a basis for the evaluation of a fuel are 
summarized. 

Table 1 shows important physical properties of solid 
biofuels and their effects on the combustion process 
and the plant design. The moisture content of the 
fuel provides information concerning the general 
applicability of a certain fuel in a combustion process 
and its storability. 

The ash content has to be considered concerning 
the de-ashing system, ash storage, ash utilization, the 
grate design as well as the fact that a high ash content 
lead to higher entrainment of ash particles from the 
fuel bed with the flue gas and consequently to increased 
deposit formation, erosion, and particulate matter 
emissions. Therefore, it is an important parameter to 
be considered during plant design. 

The ash melting behavior of ash mixtures is 
characterized by the content and by the melting 
temperatures of the single ash-forming elements 


Biomass Energy Heat Provision in Modern Large-Scale 
Systems. Table 1 Combustion-relevant characteristics of 
solid biomass fuels - physical properties 


Properties 

Effects 

Moisture content 

Storability, dry matter losses, 
NCV, self-ignition, plant design 

NCV, GCV 

Fuel utilization, plant design 

Volatiles 

Thermal decomposition 
behavior 

Ash content 

Dust emissions, ash 
manipulation, ash utilization/ 
disposal, combustion 
technology 

Ash melting behavior 

Operational safety, 
combustion technology, 
process control system, hard 
deposit formation 

Fungi 

Health risks 

Bulk density 

Fuel logistics (storage, 
transport, handling) 

Particle density 

Thermal conductance, thermal 
decomposition 

Physical dimension, 
form, size distribution 

Hoisting and conveying, 
combustion technology, 
bridging, operational safety, 
drying, formation of dust 

Amount of fines 

Fuel feeding, particle 
entrainment 

Abrasion resistance 
(wood pressings) 

Quality changes, segregation, 
fine parts 


respectively their compounds. Si, Ca, and Mg increase 
and K, Na, and P as well as Cl decrease the ash melting 
temperature. The ash melting behavior affects the 
combustion technology and the process control 
system and is an important factor concerning deposit 
formation and operational safety. 

The bulk density of the fuel has also to be consid¬ 
ered concerning fuel transport, storage, and feeding 
systems. 

The amount of fines is relevant concerning the 
appropriate selection of the combustion technology 
and the process control. Regarding small-scale systems, 
the amount of fines is also of big relevance concerning 
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Biomass Energy Heat Provision in Modern Large-Scale 
Systems. Table 2 Combustion-relevant characteristics of 
solid biomass fuels - chemical properties 


Properties 

Effects 

Carbon (C) 

GCV (gross calorific value) 

Hydrogen (H) 

GCV (gross calorific value), NCV (net 
calorific value) 

Oxygen (0) 

GCV (gross calorific value) 

Chlorine (Cl) 

HCI-, PCDD/F emissions, corrosion, 
lowering of ash melting temperature 

Nitrogen (N) 

N0 X -, N 2 0-emissions 

Sulfur (S) 

S0 X - emissions, corrosion 

Fluor (F) 

HF emissions, corrosion 

Potassium (K) 

Corrosion (heat exchangers, 
superheaters), lowering ash melting 
temperature, formation of aerosols, 
ash utilization (plant nutrients) 

Sodium (Na) 

Corrosion (heat exchangers, 
superheaters), lowering ash melting 
temperature, formation of aerosols 

Magnesium (Mg) 

Increase of ash melting temperature, 
ash utilization (plant nutrients) 

Calcium (Ca) 

Increase of ash melting temperature, 
ash utilization (plant nutrients) 

Phosphor (P) 

Ash utilization (plant nutrient), ash 
melting, aerosol formation 

Heavy metals 

Emissions, ash utilization, formation 
of aerosols 


the fuel feeding system (e.g., this is a quality parameter 
for pellets). In medium and large-scale plants the 
amount of fines is an important factor regarding 
particle entrainment (i.e., they can cause strain 
formation and incomplete burnout). 

Table 2 shows combustion-relevant chemical prop¬ 
erties of solid biofuels. For a complete characterization 
of biomass fuel content of C, H, O, and N as well as the 
gross calorific value (GCV) should be determined since 
they provide basic information concerning the general 
applicability of a certain fuel in a combustion 
process and regarding the energy content of a fuel. 
The N content is of special relevance concerning NO x 
emissions. Moreover, ash-forming elements have to be 


divided into nonvolatile elements such as Si, Ca, Mg, A1 
and Fe, semi-volatile elements such as P and Mn, and 
rather volatile elements such as K and Na. During 
combustion semi-volatile and especially volatile 
elements are partly released from the fuel to the flue 
gas and react with other elements such as S, Cl, or C0 2 
in the flue gas. Major ash-forming elements originate 
either from the biomass (plant) itself or from impuri¬ 
ties such as soil, stones, and residues from the 
preprocessing of the fuels. Elements such as P, K, and 
Na, for example, are part of the cell matrix of plants 
and elements such as Ca and Si are embedded in the 
plant fibers. In wood fuels usually Ca is the dominating 
major ash-forming element while in herbaceous 
biofuels significantly higher Si contents prevail. 

Subsequently, the resulting sulfate, chloride, and 
also carbonate compounds may form fine particles by 
nucleation (formation of aerosols) or condense on 
already formed aerosols and coarse fly ash particles 
as well as on heat exchanger surfaces (ash deposit 
formation). In most fuels mainly K and Na are involved 
in these processes. In P-rich fuels also a part of the 
organically bound P is released to the flue gas and is 
involved in aerosol and deposit formation mainly via 
the formation of KP0 3 , P 2 0 5 , and P 4 O 10 [11]. 

Minor ash-forming elements (i.e., Zn, Pb, Cd, Cu, 
Cr, Co, Ni, Mo, As, Sb, Hg, Tl) are mainly of interest 
concerning problems with too high gaseous and 
particle-bound heavy metal emissions as well as 
regarding the ash utilization. Moreover, the presence 
of heavy metal chlorides in ash deposits can signifi¬ 
cantly reduce the melting temperatures of the deposits 
thus leading to increased deposit formation and 
corrosion rates. 

S and Cl are relevant elements concerning gaseous 
emissions (SO x , HC1), fine particle (aerosol) 
formation, as well as ash deposit formation on boiler 
tube surfaces. Ash deposits are mainly formed by alkali 
metal salts such as K 2 S0 4 and KC1. High Cl-contents of 
the fuel therefore also increase corrosion-related 
problems especially due to ash deposits with high 
Cl-contents. Moreover, Cl reduces the ash melting 
temperature of deposits. Due to these deposit 
formation and corrosion-related issues impact of the 
S- and Cl-contents of the fuel on the superheater 
surface temperatures (steam temperatures) in steam 
boilers is given. Furthermore, it has to be taken into 




















Biomass Energy Heat Provision in Modern Large-Scale Systems 


347 


ash content wt% (d.b.) 

8 i 



Wood Bark Straw Waste 
chips wood 


S mg/kg (d.b.) 

1,600 
1,200 
800 
400 
0 

Wood Bark Straw Waste 
chips wood 



8,000 
6,000 
4,000 
2,000 
0 

chips wood 



Wood Bark Straw Waste 


12,000 
8,000 
4,000 
0 

chips wood 


K mg/kg (d.b.) 



Wood Bark Straw Waste 


Biomass Energy Heat Provision in Modern Large-Scale Systems. Figure 2 

Chemical compositions of different solid biomass fuels - ash, S, Cl, K 


account that increasing S and Cl concentrations in the 
flue gas result in a change of the dew point of the flue 
gas, which has to be considered concerning possible 
condensation in the heat exchangers and the flue gas 
cleaning systems. 

Figure 2 exemplary shows how the chemical 
composition and the ash content of different solid 
biomass fuels can vary. The ash contents for bark and 
waste wood are high and even higher for straw while 
the ash content of pure wood fuels is comparably 
low. The sulfur content is high in straw and waste 
wood. The lowest sulfur contents are found in wood 
chips. The chlorine and potassium content of 
herbaceous fuels is considerably higher than of woody 
fuels, which directly affect aerosol formation and ash 
melting. The big deviation between different biomass 
fuels concerning their contents of ash-forming 
elements clearly underlines the relevance of consider¬ 
ing the fuel-specific properties during plant design. 

Figure 3 shows relevant guiding parameters which 
can be derived from the chemical compositions of 
different solid biofuels. An important guiding 
parameter is the molar ratio (K + Na)/(2S + Cl). 
During combustion S and Cl preferably form alkaline 
(K and Na) sulfates and chlorides (S also forms Ca and 
Mg sulfate). Cl and S, which are not bound by these 


elements, form gaseous emissions, namely, HC1 and 
SO x . A molar ratio of (K + Na)/(2S + Cl) > 1 indicates 
a surplus of alkaline metals. Therefore, for high molar 
ratios of (K + Na)/(2S + Cl) lower HC1 and SO x 
emissions have to be expected, since most of the 
S and Cl is expected to be bound in the ash. 

A molar ratio of 2S/C1 > 1 indicates an increased 
formation of alkaline sulfates, whereas a molar ratio of 
2S/C1 < 1 indicates the preferred formation of alkaline 
chlorides. As corrosion-related problems on heat 
exchanger surfaces are depending on the Cl content of 
the ash deposits, a low molar ratio of 2S/C1 increases 
the risk of corrosion. 

The elements K, Na, Zn, and Pb are the most 
relevant aerosol-forming elements in biomass fuels. 
With increasing concentration of these elements in 
a biomass fuel the probability of the release of 
ash-forming elements during combustion rises and 
therefore aerosol formation as well as deposit forma¬ 
tion increase as well. However, the formation of ash 
vapors during combustion is not proportional to the 
concentration of these elements in the fuel since 
chemical reactions with other elements (e.g., Si) 
as well as the gaseous atmosphere and the 
combustion temperature significantly influence the 
release behavior. 
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Biomass Energy Heat Provision in Modern Large-Scale Systems. Figure 3 

Chemical compositions of different solid biomass fuels - relevant guiding parameters 


Combustion Principles 

In the ideal case, combustion represents a complete 
oxidation of the solid organic part of the fuel into the 
gases C0 2 and H 2 0. This conversion occurs in different 
stages or steps, starting with the drying of the 
fuel particles followed by pyrolysis/gasification and the 
final oxidation of the charcoal and the flue gases (Fig. 4). 

In order to achieve a combustion that is as efficient 
as possible, each of these combustion steps must be 
optimized within the combustion technology imple¬ 
mented. After the step of drying (vaporizing H 2 0) the 
main controlling parameter of the combustion process is 
the ratio between the amount of air added and the 
amount of air (oxygen) necessary for a complete com¬ 
bustion of the combustible parts of the fuel, the X 
(excess air) factor. 

At X below 1, incomplete oxidation of the fuel (gas¬ 
ification) takes place and only a part of the energy of 
the fuel is converted into thermal energy. Adding too 
much air (X >> 1) will cool down the process, leading 
to incomplete combustion and thermal losses. Thus the 
theoretical optimum of the combustion process is at 
a lambda equal to 1. But in reality this point is difficult 
to obtain due to mixing constraints between the fuel, 
flue gas and the air added. Thus, depending on the 


combustion technology utilized, a total X between 1.1 
to 1.8 in large-scale and 1.5 to 2.0 in medium-scale 
applications is common in order to achieve a complete 
combustion. 

A lower total X can be achieved by separating 
the combustion stages into different locations in the 
furnace and thereby increasing the retention time for 
reactions and also the possibility of optimized control. 
This type of separation, the so-called staged combus¬ 
tion, is shown in Fig. 5, where the drying (I), pyrolysis/ 
gasification (II) and the oxidation of the char (III a) 
take place in different zones on and above the grate 
(primary combustion chamber). Then the flue gases 
are completely oxidized by addition of secondary air in 
the secondary combustion chamber (III b). 

Industrial Combustion Technologies 

The characteristics and the quality of biomass as a fuel 
vary widely, depending on the kind of biomass and 
the pretreatment technologies applied. For example, 
the moisture content of the fuel as fed into the 
furnace may vary from 25 to 60 wt% (w.b.) (bark, 
sawmill by-products) or drop below 10 wt% (w.b.) 
(pellets, dry wood processing residues). Also, the 
ash sintering temperatures of biofuels may extend 
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Biomass Energy Heat Provision in Modern Large-Scale Systems. Figure 4 

Process of biomass combustion - principle [12] 


over a wide range (600-1,200°C) [14, 15] and the 
particle shapes and sizes can be manifold. Fuel quality 
can be influenced and improved by suitable (costly) 
pretreatment technologies, like drying, chopping, and 
pelletizing. 

The selection and design of a biomass combustion 
system is mainly determined by the characteristics of 
the fuel to be used, the local environmental legislation, 
as well as by the costs and the performance of the 
equipment. Another important factor is the size 
of the plant and the decision whether a heat only or 
a CHP application should be implemented. 

Furthermore, the fuel characteristics can be 
influenced in order to fulfill the technological and envi¬ 
ronmental requirements of a given combustion technol¬ 
ogy by appropriate pretreatment systems. The most 


suitable technology package therefore can vary from 
case to case. Generally, due to economy-of-scale effects 
concerning the complexity of the fuel-feeding system, 
the combustion technology, and the flue gas cleaning 
system, large-scale systems usually use low-quality fuels 
(with inhomogeneous fuel characteristics concerning 
e.g., moisture content, particle size, and ash melting 
behavior), while high-quality fuels are necessary for 
small-scale systems in most cases. 

While wood is a suitable fuel regardless of the size of 
the combustion plant, herbaceous biomass is almost 
entirely used in medium and large-scale plants. The 
same is true for urban waste wood and demolition 
wood, in particular due to the need for an efficient 
flue gas cleaning for the abatement of toxic pollutants 
(e.g., heavy metals, chlorine compounds). 
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Biomass Energy Heat Provision in Modern Large-Scale Systems. Figure 5 

Process of biomass combustion - allocation of the different stages of combustion in a grate furnace [12, 13] 


Accordingly, biomass combustion technologies are 
divided into 

• Small-scale (domestic) combustion, defined as 
units used for heating or cooking up to a capacity 
of about 100 kW 

• Medium and large-scale industrial combustion, 
defined as systems used for process heat produc¬ 
tion, district heating as well as combined heat and 
power production (CHP) in units larger than 
100 kW up to several hundred MW th . 

Medium and large-scale combustion systems are 
typically equipped with mechanical or pneumatic 
fuel-feeding systems and process control systems 
supporting fully automatic system operation. In 
general, the larger the combustion unit the more flex¬ 
ible it becomes regarding the quality of the biofuels 
used. Thus solid biofuels used in medium and 
large-scale biomass combustion units comprise not 
only wood, but also bark, energy crops, agricultural 
waste products, urban waste wood, and in some cases 
mixtures of these. 


In principle, the following combustion technologies 
can be distinguished (Fig. 6): 

• Fixed-bed combustion 

• Bubbling fluidized bed combustion 

• Circulating fluidized bed combustion 

• Dust combustion 

The basic principles of these technologies are shown 
in Fig. 6 and described below [13, 16]. 

Fixed-bed combustion systems include underfeed 
stokers and grate furnaces. Primary air passes through 
a fixed bed, in which drying, gasification, and charcoal 
combustion takes place. The combustible gases 
produced are burned after secondary air has been 
added, usually in a combustion zone separated from 
the fuel bed. 

Within a fluidized bed furnace, biomass fuel is 
burned in a self-mixing suspension of gas and solid-bed 
material into which combustion air enters from below. 
Depending on the fluidization velocity, bubbling 
fluidized bed and circulating fluidized bed combustion 
can be distinguished. 
















































































































































Biomass Energy Heat Provision in Modern Large-Scale Systems 


351 


• fuel 

o bed material 



freeboard 


secondary 
air 


bed 

material xl 


fuel ^ 


$ 


l l l l l l l 





ash 


ash 


fixed bed combustion bubbling fluidised circulating fluidised 

(grate furnace) bed combustion bed combustion 

Biomass Energy Heat Provision in Modern Large-Scale Systems. Figure 6 

Combustion technologies for biomass [16] 


pulverised fuel 
combustion 


Dust combustion is suitable for fuels available as 
small particles (average diameter smaller 2 mm). A 
mixture of fuel and primary combustion air is injected 
into the combustion chamber where the combustion 
takes place while the fuel is in suspension. The gas 
burnout is achieved after secondary air addition. Var¬ 
iations of these basic technologies are also available 
(e.g., combustion systems with spreader stokers and 
cyclone burners). 

Fixed-Bed Furnaces 

Below selected fixed-bed furnaces are discussed in 
detail. 

Underfeed Stokers In underfeed stoker units the fuel 
is feed into the combustion chamber by screw 
conveyors from below and is transported upward on 
an inner or outer grate. Outer grates are more common 
in modern combustion plants because they allow for 
more flexible operation and an automatic ash remov¬ 
ing system can be attained more easily. Primary air is 


supplied through the grate, secondary air usually at the 
entrance to the secondary combustion chamber. 

The underfeed technology has been specially 
developed for fine-grained biomass fuels (below 
50 mm) like wood shavings, pellets, or sawdust and is 
only suitable for fuels with low ash content (because of 
the limited ash transport from the grate) and with low 
mineral or metal impurities (as they may block 
the screw feeders). Moreover, sintered or melted ash 
particles covering the upper surface of the fuel bed can 
cause problems in underfeed stokers due to unstable 
combustion conditions when the fuel and the air 
are breaking through the ash-covered surface. 

Because of the technical limitation of supplying the 
fuel with screw conveyors, the limiting nominal 
boiler capacity for this type of units is about 6 MW th . 
However, in this performance range the investments 
are typically lower than for other technologies (e.g., 
grate-fired combustion units) [2]. Another advantage 
of the underfeed stoker compared to moving grate 
units (see next section) is the continuous fuel feed 
which facilitates load regulation for low emissions. 
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Biomass Energy Heat Provision in Modern Large-Scale Systems. Figure 7 

Underfeed stoker furnace [17] 


A schematic drawing of an underfeed biomass stoker 
combustion unit is shown in Fig. 7. 

Moving Grate Furnaces In moving grate furnaces, 
the fuel is feed onto the grate either by pushing the 
fuel horizontally onto the grate or by spreading it onto 
the grate from above by a spreader stoker. Moving grate 
furnaces are distinguished by the way the grate is mov¬ 
ing (e.g., inclined moving grates, horizontally moving 
grates, traveling grates, rotating grates, vibrating 
grates). All of these technologies have specific advan¬ 
tages and disadvantages, depending on fuel properties. 
Therefore, a careful selection and planning is necessary. 

Moving grate furnaces are appropriate for biofuels 
with a high moisture content (up to 60%), varying 
particle sizes (with a downward limitation concerning 
the amount of fine particles in the fuel mixture), and 
high ash content (up to 50%). Mixtures of wood fuels 
can be used, but current technology does not allow for 
mixtures of wood fuels and straw, cereals and grass, due 
to their different combustion behavior, low moisture 
content, and low ash melting temperatures. A good 
and well-controlled grate is designed to guarantee 
a homogeneous distribution of the fuel and the bed of 


embers over the whole grate surface. This is important 
to guarantee a uniform primary air supply over the 
different grate areas. Inhomogeneous air supply may 
cause slagging, high fly-ash amounts, and may increase 
the amount of excess oxygen needed for a complete 
combustion. Furthermore, the transport of the fuel 
over the grate must be as smooth and homogeneous 
as possible in order to keep the bed of embers 
calm and homogeneous, to avoid the formation of 
“holes”, and to avoid as far as possible the elutriation 
of fly ash and unburned particles. 

The technology needed to achieve these aims 
includes continuously moving grates, an elaborated 
control system of the bed of embers (e.g., by infrared 
beams), and frequency-controlled primary air fans for 
the different grate sections. The primary air supply 
divided into physically separated sections below the 
grate is necessary to be able to adjust the specific air 
amounts to the requirements of the zones where 
drying, gasification, and charcoal combustion prevail. 
These separately controllable primary air supplies also 
allows a smooth operation of grate furnaces at partial 
loads of up to a minimum of about 25% of the nominal 
furnace load and control of the primary air 
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ratio needed (to secure a reducing atmosphere in 
the primary combustion chamber necessary for low 
NO x operation). Moreover, grate systems can be 
water-cooled to avoid slagging and to extend the life¬ 
time of the materials. 

Another important aspect of grate furnaces is that 
a staged combustion should be obtained by separating 
the primary and the secondary combustion chambers 
in order to avoid back-mixing of the secondary air and 
to separate gasification and oxidation zones. Because 
the mixing of air and flue gas in the primary combus¬ 
tion chamber is not optimal due to the low turbulence 
necessary for a calm bed of embers on the grate, the 
geometry of the secondary combustion chamber and 
secondary air injection must guarantee a mixture of 
flue gas and air that is as complete as possible. 
The better the mixing quality between flue gas and 
secondary combustion air, the lower the amount of 
excess oxygen necessary for complete combustion and 
the higher the efficiency. The mixing effect can 
be improved with relatively small channels where the 
flue gas reaches high velocities and where the secondary 
air is injected at high speed via nozzles that are well 
distributed over the cross section of this channel. Other 
means of achieving a good mixture of flue gas and 
secondary air are combustion chambers with a vortex 
or cyclone flow. 

In order to achieve adequate temperature control in 
the furnace, flue gas recirculation and water-cooled 
combustion chamber walls are used. Combinations of 
these technologies are also possible. Water cooling has 
the advantage of reducing the flue gas volume, imped¬ 
ing ash sintering on the furnace walls and usually 
extending the lifetime of insulation bricks. If only dry 
biomass fuels are used, combustion chambers with 
steel walls can also be applied (without insulation 
bricks). Wet biomass fuels need combustion chambers 
with insulation bricks operating as heat accumulators 
and buffering moisture content and combustion 
temperature fluctuations in order to ensure a good 
burnout of the flue gas. 

Below, different types of moving grate construc¬ 
tions are discussed in more detail. 

Traveling grate furnaces consist of grate bars 
mounted on an endless belt (like an escalator) moving 
through the combustion chamber (Fig. 8a). The fuel is 
supplied at one end of the combustion chamber 


onto the grate (e.g., by screw conveyors) or is dis¬ 
tributed over the grate by spreader-stokers injecting 
the fuel into the combustion chamber. The fuel bed 
itself does not move, but is transported through the 
combustion chamber by the grate, contrary to mov¬ 
ing grate furnaces where the fuel bed is moved over 
the grate. At the end of the combustion chamber the 
grate is cleaned of ash and dirt while the belt turns 
around (automatic ash removal). On the way back, 
the grate bars are cooled by primary air in order to 
avoid overheating and to minimize wear. The speed 
of the traveling grate is continuously adjustable in 
order to achieve complete charcoal burnout. The 
advantages of traveling grate systems are uniform 
combustion conditions for wood chips and pellets 
and low emissions of particulate matter, due to the 
stable and almost unmoving bed of embers. In 
addition, the maintenance or replacement of grate 
bars is easy to handle. However, the fact that the 
bed of embers is not stoked results in a longer 
burnout time and also may cause bridging of fuel 
and/or ash particles. Higher primary air input is 
needed for complete combustion (which implies 
a lower NO x reduction potential by primary mea¬ 
sures). Moreover, nonhomogeneous biomass fuels 
imply the danger of bridging and uneven distribution 
on the grate surface due to lack of mixing. This disad¬ 
vantage can be avoided by spreader-stokers, which 
cause a mixing of the fuel bed by the fuel-feeding 
mechanism applied. 

Inclined moving grates have an inclined grate 
consisting of fixed and movable rows of grate bars 
(Fig. 8b). By alternating horizontal forward and 
backward movements of the movable sections, the 
fuel is transported along the grate. Thus unburned 
and burned fuel particles are mixed, the surfaces of 
the fuel bed are renewed, and a more even distribution 
of the fuel over the grate surface can be achieved (which 
is important for a uniform primary air distribution 
across the fuel bed). Usually, the whole grate is divided 
into several grate sections, which can be moved at dif¬ 
ferent speeds according to the different stages of com¬ 
bustion. The movement of the grate bar is achieved by 
hydraulic cylinders. The grate bars themselves are made 
of heat-resistant steel alloys. They are equipped with 
small channels in their side walls for primary air supply 
and should be as narrow as possible in order to distribute 
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Biomass Energy Heat Provision in Modern Large-Scale Systems. Figure 8 

A traveling, an inclined moving, a horizontally moving, and a vibrating grate furnace (a) traveling grate [12] (b) inclined 
moving grate [13] (c) horizontally moving grate [17] (d) vibrating grate [16] 


the primary air across the fuel bed as well as possible. In 
moving grate furnaces, a wide variety of biofuels can be 
burned. Air-cooled moving grate furnaces use primary 
air for cooling the grate and are suitable for wet bark, 
sawdust, and wood chips, while water-cooled moving 
grate systems are recommended for dry biofuels or 
biofuels with low ash-sintering temperatures. In con¬ 
trast to traveling grate systems, the correct adjustment 
of the moving frequency of the grate bars is more 
complex. If the moving frequencies are too high, high 
concentrations of unburned carbon in the ash or insuf¬ 
ficient coverage of the grate will result. Infrared beams 
situated over the different grate sections allow for 


adequate control of the moving frequencies by 
checking the height of the bed. Ash removal takes 
place under the grate in dry or wet form and a fully 
automatic operation of the entire system is common. 

Horizontally moving grates have a completely 
horizontal fuel bed (Fig. 8c). This is achieved by the 
diagonal positioning of the grate bars. This has 
the advantage that it impedes uncontrolled gravity- 
induced fuel movements on the grate and increases 
the stoking effect of the grate movements, thus leading 
to a very homogeneous distribution of material on the 
grate surface and impeding slag formation because of 
hot spots. A further advantage is that the overall height 
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Biomass Energy Heat Provision in Modern Large-Scale Systems. Figure 9 

Cigar burner [16] 


can be reduced. In order to prevent ash and fuel 
particles from falling through the grate bars, horizon¬ 
tally moving grates should be preloaded so that there is 
no free space between the bars. 

Vibrating grate furnaces consist of a declined finned 
tube wall placed on springs (Fig. 8d). Fuel is fed into the 
combustion chamber by spreaders, screw conveyors, or 
hydraulic feeders. Depending on the combustion 
process, two or more vibrators transport fuel and ash 
toward the ash removal unit. Primary air is fed through 
the fuel bed from below through holes located in the 
ribs of the finned tube walls. Due to the vibrating 
movement of the grate at short periodic intervals, the 
formation of larger slag particles is inhibited. This is 
the reason why this grate technology is especially 
applied with fuels showing sintering and slagging 
tendencies (e.g., straw, waste wood). The disadvantages 
are the high fly-ash emissions caused by the 
vibrations, the higher CO emissions due to the periodic 
disturbances of the fuel bed, and an incomplete 
burnout of the bottom ash because fuel and ash 
transport are more difficult to control. 

The cigar burner is a technology developed for straw 
and cereal combustion in Denmark (Fig. 9). Straw 
and cereal bales are delivered in a continuous process 
by a hydraulic piston through a feeding tunnel on a 
water-cooled grate. Upon entering the combustion 
chamber gasification of the fuel starts and 
combustion of the charcoal follows while moving the 
unburned material over the grate. Grate and furnace 
temperature control is very important for straw 


and cereal combustion, due to their low ash melting 
point and the high adiabatic temperature of combus¬ 
tion caused by the low water content. The combustion 
chambers must, therefore, be cooled either by 
water cooled walls or by flue gas recirculation (or by a 
combination). Furnace temperatures should not 
exceed 900° C for normal operation. Furthermore, 
straw and cereal combustion causes very fine and 
light fly ash particles as well as aerosols to be formed 
from condensed alkali chlorides/sulfates. This result in 
the necessity of a regular heat exchanger cleaning sys¬ 
tem to avoid ash deposits as far as possible. Systems for 
shredded or cut straw also exist and are operated in 
a similar way to the technology described. Only the fuel 
preparation is different. Smaller pieces of straw, slices of 
straw bales, or shredded straw is preferable to 
whole bale combustion because smaller particles 
allow a better combustion control along the grate. 
Semicontinuous systems like whole bale combustion 
furnaces where the bales are fed in batch-wise opera¬ 
tion into the furnace are not recommended due to the 
temperature and CO peaks caused when a new bale is 
delivered. The state-of-the-art process control systems 
are not able to prevent this unsteady combustion. 

Underfeed rotating grate combustion is a Finnish 
biomass combustion technology that makes use of 
conical grate sections that rotate in opposite directions 
and are supplied with primary air from below (Fig. 10). 
As a result wet and burning fuels are well mixed, which 
makes the system adequate for burning very wet fuels 
such as bark, sawdust, and wood chips (with a moisture 























































































356 


Biomass Energy Heat Provision in Modern Large-Scale Systems 



Biomass Energy Heat Provision in Modern Large-Scale Systems. Figure 10 

Rotating grate underfeed stoker. (Explanations: 1 fuel feed, 2 rotating grate, 3 bottom of the cone, 4 primary air, 5 air 
control, 6 ash disposal, 7 ash screw conveyor, 8 burn out zone, 9 secondary air) 


content up to 65 wt% [w.b.]). The combustible gases 
formed are burned out with secondary air in a separate 
horizontal or vertical combustion chamber. The 
horizontal version is suitable for generating hot water 
or steam in boilers with a nominal capacity between 1 
and 10 MW th . The vertical version is applied for hot 
water boilers with a capacity of 1-4 MW th . The fuel 
is fed to the grate from below by screw conveyors 
(similar to underfeed stokers), which makes it neces¬ 
sary to keep the average particle size below 50 mm. 
Underfeed rotating grate combustion plants are also 
capable of burning mixtures of solid wood fuels and 
biological sludge. The system is computer controlled 
and allows fully automatic operation. 

Fluidized Bed Combustion 

Fluidized bed (FB) combustion systems have been 
applied since 1960 for combustion of municipal and 
industrial wastes. Since then, over 300 commercial instal¬ 
lations have been built worldwide. Regarding technolog¬ 
ical applications, bubbling fluidized beds (BFB) and 
circulating fluidized beds (CFB) are distinguished. 

A fluidized bed consists of a cylindrical vessel with 
a perforated bottom plate filled with a suspension bed 
of hot, inert, and granular material. The common 
bed materials are silica sand and dolomite. The bed 


material represents 90-98% of the mixture of fuel and 
bed material. Primary combustion air enters the fur¬ 
nace from below through the air distribution plate and 
fluidizes the bed so that it becomes a seething mass of 
particles and bubbles. The intense heat transfer and 
mixing provide good conditions for a complete 
combustion with low excess air demand (X between 
1.1 and 1.2 for CFB plants and between 1.3 and 1.4 
for BFB plants). The combustion temperature must be 
kept low (usually between 800°C and 900°C) in order 
to prevent ash sintering in the bed. This can be achieved 
by internal heat exchanger surfaces, by flue gas 
recirculation, or by water injection (in fixed-bed 
combustion plants combustion temperatures are 
usually 100-200°C higher than in FB units). 

Due to the good mixing achieved, FB combustion 
plants can deal flexibly with different fuel mixtures 
(e.g., mixtures of wood and straw) but are limited 
when it comes to fuel particle size and impurities 
contained in the fuel. Therefore, an appropriate fuel 
pretreatment system covering particle size reduction 
and separation of metals is necessary for fail-safe 
operation. Usually a particle size below 40 mm is 
recommended for CFB units and below 80 mm for 
BFB units. Moreover, partial load operation of FB 
combustion plants is limited due to the need of bed 
fluidization. 
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Fluidized bed combustion systems need a relatively 
long start-up time (up to 15 h) for which oil or gas 
burners are used. Low NO x emissions can be achieved 
owing to good air staging, good mixing, and a low 
requirement of excess air. Moreover, the utilization 
of additives (e.g., limestone addition for sulfur cap¬ 
ture) works well due to the good mixing behavior. 
The low excess air quantities necessary increase com¬ 
bustion efficiency and reduce the flue gas volume 
flow. This makes FB combustion plants especially 
interesting for large-scale applications (normal 
boiler capacity above 30 MW th ). For smaller combus¬ 
tion plants the investment and operating costs are 
usually too high in comparison to fixed-bed systems. 
One disadvantage is that they cause high dust loads 
to be entrained with the flue gas, which makes efficient 
dust precipitators and boiler cleaning systems 
necessary. Bed material is also lost with the ash, making 
it necessary to periodically add new material to 
the plant. 

• Bubbling fluidized bed combustion (BFB) furnaces 
start to be of interest for plants with a nominal 
boiler capacity of over 20 MW th . In BFB furnaces 
(Fig. 6), a bed material is located in the bottom part 
of the furnace. The primary air is supplied via 
a nozzle distributor plate and fluidizes the bed. The 
bed material is usually silica sand about 1.0 mm in 
diameter. The fluidization velocity of the air varies 
between 1.0 and 2.5 m/s. The secondary air is intro¬ 
duced through several inlets in the form of groups of 
horizontally arranged nozzles at the beginning of the 
upper part of the furnace (called freeboard) to ensure 
a staged-air supply to reduce NO x emissions. Biofuel 
should not be feed onto, but into, the bed by 
inclined chutes from fuel hoppers because of the 
higher reactivity of biomass. The fuel amounts only 
to 1-2% of the bed material and the bed must be 
heated (internally or externally) before the fuel is 
introduced. The advantage of BFB furnaces is their 
larger flexibility concerning particle size and mois¬ 
ture content of the biomass fuels in comparison to 
CFB units. Furthermore, it is also possible to use 
mixtures of different kinds of biomass or to co-fire 
them with other fuels. One disadvantage (the diffi¬ 
culties at partial load operation) may be solved by 
splitting or staging the bed. 


• By increasing the fluidizing velocity to 5-10 m/s 
and using smaller sand particles (0.2-0.4 mm in 
diameter) a circulating fluidized bed combustion 
(CFB) system is achieved (Fig. 6). The sand par¬ 
ticles will be carried along with the flue gas, sepa¬ 
rated in a hot cyclone or a U-beam separator, and 
feed back into the combustion chamber (Fig. 6). 
The bed temperature (800-900° C) is controlled 
by external heat exchangers cooling the recycled 
sand, or by water-cooled walls. The higher tur¬ 
bulence in CFB furnaces leads to a better heat 
transfer and a very homogeneous temperature 
distribution within the bed. This is of advan¬ 
tage for stable combustion conditions, the con¬ 
trol of air staging, and the placement of heating 
surfaces right in the upper part of the furnace. 
The disadvantages of CFB furnaces are their 
large size and therefore high price, the consid¬ 
erable dust load in the flue gas leaving the sand 
particle separator, the high loss of bed material 
in the ash, and the small fuel particle size 
required (between 0.1 and 40 mm in diameter) 
often requiring a high investment in fuel pre¬ 
treatment. Moreover, their operation at partial 
load is problematic. In view of their high spe¬ 
cific heat transfer capacity, CFB furnaces start 
to be of interest for plants of more than 30 
MW^, due to their higher combustion efficiency 
and the lower flue gas flow produced (boiler 
and flue gas cleaning units can be dimensioned 
smaller). 

Dust Combustion 

In dust combustion systems, fuels like sawdust and fine 
shavings are pneumatically injected into the furnace 
(Fig. 11). The transportation air is used as primary 
air. Start-up of the furnace is achieved by an auxiliary 
burner. When the combustion temperature reaches 
a certain value, biomass injection starts and the auxil¬ 
iary burner is shut down. Fuel quality in dust combus¬ 
tion systems needs to be quite constant. A maximum 
fuel particle size of 10-20 mm must be maintained 
and the fuel moisture content should normally 
not exceed 20 wt% (w.b.). The fuel feeding system 
needs to be controlled very carefully and forms a key 
technological unit within the overall system due to the 
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Biomass Energy Heat Provision in Modern Large-Scale Systems. Figure 11 

Dust combustion system (muffle furnace) in combination with a water-tube steam boiler [16]. (Explanations: 1 primary 
air supply, 2 fuel feed, 3 gasification and partial combustion, 4 flue gas recirculation, 5 ash disposal, 6 secondary 
air supply, 7 tertiary air supply, 8 water tube boiler) 


explosion-like gasification of the fine and small 
biomass particles. Fuel/air mixtures are usually injected 
tangentially into the cylindrical furnace muffle to 
establish a rotational flow (usually a vortex flow). The 
rotational motion can be supported by flue gas 
recirculation in the combustion chamber. The muffle 


should be water cooled due to the high energy density 
at the furnace walls and the high combustion temper¬ 
ature. Fuel gasification and charcoal combustion take 
place at the same time because of the small particle 
size. Therefore, quick load changes and efficient load 
control can be achieved. 
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Besides muffle furnaces, cyclone burners for wood 
dust combustion are also in use. Depending on the 
design of the cyclone and the location of fuel injection, 
the residence time of the fuel particles in the furnace 
(their burnout) can be controlled well and, if staged 
combustion is used, also NO x formation can also be 
kept low. 

A disadvantage of muffle furnaces and cyclone 
burners is that insulation bricks wear out quickly due 
to thermal stress and erosion. Other dust combustion 
systems are thus being built without rotational flow, 
where dust injection is conducted without a swirl in the 
same way as in a furnace burning fuel oil or natural gas. 

Summary 

In general, BFB and CFB furnaces show lower CO 
and NO x emissions due to more homogeneous and 
therefore more controllable combustion conditions, 
while fixed-bed furnaces usually emit less particulate 
matter and show a better burnout of the fly ash [18,19] . 

Table 3 gives a summary of solid biomass combus¬ 
tion technologies and their typical applications and 
fuel specifications, and Table 4 shows the advantages 
and disadvantages of the different combustion technol¬ 
ogies discussed above. 


Combustion-Based Power Generation Processes 

Electric power production is generally implemented in 
larger applications such as industrial combustion units 
or district heating systems. The status of power gener¬ 
ation from biofuel combustion is limited to closed 
thermal cycles. Open processes such as internal com¬ 
bustion engines or direct gas turbines are still in 
the research stage and not applicable so far mainly 
due to limitations in separating particles and particle¬ 
forming gaseous species (e.g., KC1, K 2 S0 4 ) from the hot 
flue gas. 

In a closed thermal cycle, the combustion of the fuel 
and the power generation cycle are separated by a heat 
transfer from the hot flue gas to a process medium used 
in a secondary cycle. This separation between the fuel and 
the power-producing engine prevents undesired ele¬ 
ments in the fuel and flue gas from causing damage to 
the engine. 

The processes and engine types used or 
under development today are shortly described here 
(see [2, 9, 10, 20, 21]). 

The available technologies for power production 
from biomass combustion comprise: 

• Steam turbines (ST) used as expansion engines in the 

Rankine cycle with water as a process medium; the 


Biomass Energy Heat Provision in Modern Large-Scale Systems. Table 3 Summary of solid biomass combustion 
technologies with typical applications and fuels 


Technology 

Typical size 
range 

Fuels 

Ash content (%) 

Moisture content (%) 

Underfeed stoker 
furnaces 

10 kW-6.0 MW 

Wood chips, wood residues 

<2 

5-50 

Moving grate furnaces 

500 kW-50 MW 

All wood fuels and most biomass 

<10 

5-60 

Underfeed stoker with 
rotating grate 

2-20 MW 

Wood chips, high water content 

<10 

30-65 

Straw furnaces 

100 kW-10 MW 

Straw bales with bale shredders 

<5 

<20 

Cigar burner 

3-5 MW 

Straw bales 

<5 

<20 

Dust combustor, or 
cyclone furnaces 

1-10 MW 

Various biomass, (dP < 5 mm) 

<2 

<20 

Bubbling fluidized bed 

20-50 MW 

Various biomass, (dP < 80 mm) 

<10 

5-60 

Circulating fluidized bed 

30-100 MW 

Various biomass, (dP < 40 mm) 

<10 

5-60 


dP Fuel particle diameter 
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Biomass Energy Heat Provision in Modern Large-Scale Systems. Table 4 Summary of advantages and disadvantages of 
different solid biomass combustion technologies 


Advantages 

Disadvantages 

Underfeed stokers 

Low investment costs for plants < 6 MW t h 

Suitable only for biofuels with low ash content and high 
ash melting point (wood fuels) 

Simple and good load control due to continuous fuel 
feeding 

Low flexibility concerning particle size as well as 
concerning mineral and metal impurities in the fuel 

Low emissions at partial load operation due to good fuel 
dosing 

Moving grate furnaces 

Low investment costs for plants < 20 MW th 

No mixing of wood fuels and herbaceous fuels possible 

Low operating costs 

Efficient NO x reduction requires special technologies 

Low dust load in the flue gas 

High excess air ratio (1.3-1.6) decreases efficiency 

Less sensitive to slagging than fluidized bed furnaces 

Combustion conditions not as homogeneous as in 
fluidized bed furnaces 

Many options in terms of fuel particle size and moisture 
content 

Low emissions at partial load operation are difficult to 
achieve 

Dust combustion 

Low excess air ratio (1.25-1.4) is possible which increases 
efficiency 

Particle size of biofuel is limited (<10-20 mm) 

High NO x reduction by efficient air staging and mixing 
possible if cyclone or vortex burners are used 

High wear of the insulation brickwork if cyclone or vortex 
burners are used 

Very good load control and fast alternation of load possible 

An extra start-up burner is necessary 

BFB furnaces 

No moving parts in the hot combustion chamber 

High investment costs, interesting only for plants 
>20 MW th 

NOx reduction by air staging works well 

High operating costs 

High flexibility concerning moisture content and type of 
biomass fuels used (fuel mixing possible) 

Low flexibility with regard to particle size (<80 mm) 

Low excess air ratio (1.2-1.25) raises efficiency and 
decreases flue gas flow 

High dust load in the flue gas 

Operation at partial load requires special technology 

Medium sensitivity concerning ash slagging 

Loss of bed material with the ash 

Medium erosion of heat exchanger tubes in the fluidized 
bed 

CFB furnaces 

No moving parts in the hot combustion chamber 

High investment costs, interesting only for plants > 

30 MW th 

NO x reduction by air staging works well 

High operating costs 

High flexibility concerning moisture content and type of 
biomass fuels used (fuel mixing possible) 

Low flexibility with regard to particle size (<40 mm) 
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Biomass Energy Heat Provision in Modern Large-Scale Systems. Table 4 (Continued) 


Advantages 

Disadvantages 

Homogeneous combustion conditions in the furnace if 
several fuel injectors are used 

High dust load in the flue gas 

High specific heat transfer capacity due to high turbulence 

Partial-load operation requires a second bed 

Use of additives easy 

High sensitivity concerning ash slagging 

Very low excess air ratio (1.05-1.1) raises efficiency and 

Loss of bed material with the ash 

decreases flue gas flow 

Medium erosion of heat exchanger tubes in the furnace 


water is evaporated under pressure and superheated 
in heat exchangers in the boiler section of the com¬ 
bustion plant 

• Steam piston engines (SPE ) used in the Rankine cycle 
with or without superheating and transferring the 
volume work into mechanical work by a piston [22] 

• Steam turbines used in organic Rankine cycles 
(ORC) with evaporation of an organic medium in 
a tertiary cycle separated from the heat production 
(the combustion heat is transferred to a thermal oil 
in the boiler which is feed to an external evaporator 
for the organic medium with a lower boiling tem¬ 
perature than water) [2]; 

• Stirling engines (STE) (indirectly fired gas engines) 
which are driven by a periodic heat exchange from 
flue gas to a gaseous medium such as air, helium, or 
hydrogen [23, 24] 

• Micro-gas turbines (MGT) using a hot gas cycle with 
a turbine as an expansion engine. 

The most important technical data for power 
production from biomass combustion are shown in 
Table 5. The total efficiency indicated within this table 
is calculated according to Eq. 1. 

-^el (produced) -Pel(auxiliary) T -Ph / x 

Pot = t) V-U 

-Guel input (NCV) 

The electric efficiency of the plant is calculated 
according to Eq. 2. 

-^el (produced) Pi (auxiliary) /_x 

Pi—plant D (P 

Puel input (NCV) 

Both equations are based on the power supplied 
with the fuel based on its net calorific value (NCV). 


The auxiliary electric power is the power needed for the 
operation of the power or CHP plant and has to be 
subtracted from the gross electric power produced in 
order to achieve the net electric power of the plant, 
which is of relevance for the efficiency calculations 
stated. 

In the column “recommended operation” the best 
way of operating the plant is shown, i.e., if the plant 
should be mainly operated for the production of heat 
(h) or heat and electric power (h/p). The remaining 
columns give an insight into the current stage of devel¬ 
opment and experience with the different technologies. 

Steam turbines and steam piston engines are 
available as tested technology for power production 
through biomass combustion. While steam engines 
are used with capacities ranging from below 0.1-1.5 
MW e i, steam turbines exist from 150 kW e i upward. The 
largest purely biomass-fired CHP plant today is 
equipped with steam turbines and has a nominal elec¬ 
tric capacity of 240 MW [ 1 ]. Large steam turbine plants 
are operated with water tube boilers and superheaters 
making high steam parameters and the use of multi¬ 
stage turbines possible. Furthermore, process measures 
such as feed water preheating and intermediate tapping 
are implemented for efficiency improvement. This 
allows electric efficiencies of about 25% to be achieved 
in the size range of 5-10 MW el . In plants around 50 
MW el and larger, the electric efficiency can rise to about 
30% in cogeneration mode and more than 40% if 
operated as a condensing plant. 

Small-scale steam plants (<2 MW el ) are built with 
fire tube boilers and hence operated at quite low steam 
parameters (below 32 bar, below 450°C), which signif¬ 
icantly decrease their electric efficiency. Steam plants 
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Biomass Energy Heat Provision in Modern Large-Scale Systems. Table 5 Overview of CHP technologies used or under 
development for the production of electric power based on the combustion of solid biomass [2] 



Pel" 

(kW) 

in b 

•lel-plant 

(%> 

"Htot 

(%) 

Recommended 

operation d 

State of 
development® 

Operating 

experience 

Literature 

sources 

ST 

150-240,000 

8-40 

75-90 

h/p 

Marketable 

Marketable 

[1,2, 25] 

SPE 

<100-1,500 

8-16 

75-85 

h 

Marketable 

Marketable 

[2] 

ORC 

200-3,000 

10-20 

75-85 

h 

Marketable 

Marketable 

[26-29] 

STE 

10-150 

6.5-17 

75-85 

h 

Demonstration 

40,000 h 

[30,31] 

MGT 

up to 100 

8-17 

60-65 

h/p 

Demonstration 

2,800 h 

[32-36] 


ST steam turbine, SPE steam piston engine, SSE steam screw-type engine, ORC organic Rankine cycle, STE Stirling engine, MGT micro gas 
turbine 

a Electric capacity 
b See Eq.1 
c See Eq. 2 

d p Power-controlled operation recommended, h Heat controlled operation recommended 
Possibilities: pilot status, demonstration status, marketable 


operated in CHP mode are mainly utilized for the 
production of process heat or base load district heat, 
which enables long continuous operation periods with 
high load. 

Steam piston engines can be operated in single- or 
multistage mode, reaching electric efficiencies between 
8-10% and 12-16%, respectively. 

Organic Rankine cycles (ORC) are also available as 
an alternative to conventional steam plants in the range 
of 0.2 to about 3.0 MW el . These can operate at lower 
temperatures and pressures, so that a combustion plant 
with a thermal oil boiler operating at atmospheric 
pressure can be applied instead of a costly high- 
pressure steam boiler. Furthermore, the ORC generator 
can be operated without a superheater because the 
expansion of the saturated steam of the organic 
medium leads to dry steam. Furthermore, similar or 
slightly higher efficiencies are achieved thanks to the 
availability of well-designed two-stage small-scale 
turbines for this specific application. ORC plants are 
a proven technology which has been implemented in 
biomass combustion plants since 1998 [29, 37]. 

An option for small-scale power production is the 
externally fired Stirling engine with air or helium as 
a medium in a gas-filled heat exchanger coupled to 
a biomass furnace. A critical component in such plants 


can be the gas-to-gas heat exchanger operated with hot 
flue gas from the biomass combustion. Chemically 
untreated wood is the most suitable fuel so far, since 
biomass fuels with high ash levels or increased Cl 
concentrations are a challenge for the heat exchanger. 
A critical and weak point of the Stirling engine process 
is also the long-term stability of the engine. At present, 
not more than 5,000 h have been obtained with a single 
engine. 

Micro-gas turbine (MGT) processes are also being 
considered in R&D projects for small to medium-scale 
applications and reached an early demonstration stage. 
This process offers the possibility of the use of biomass 
only as well as of the combined use of natural gas 
(internal combustion) and biomass (external combus¬ 
tion). The combined system offers good electric plant 
efficiencies and lower maximum temperatures at the 
air/flue gas heat exchanger compared to a biomass-only 
application. Moreover, they provide a high degree of 
automation. However, the technology is not yet proven 
and shows relatively high investment costs (no serial 
production yet). Due to thermal stresses in the high 
temperature air/flue gas heat exchanger only slow 
load changes are possible. Thus, future operating 
experiences will have to proof the technological 
maturity and applicability of such systems. 
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Emissions from Combustion and Ash-Related 
Problems 

Gaseous Emissions 

C0 2 is a major combustion product from all biomass 
fuels, originating from the carbon content in the fuel. 
However, these C0 2 emissions are regarded as 
being C0 2 -neutral with respect to the anthropogenic 
greenhouse gas effect (when a sustainable agriculture/ 
forestry is given) and this is considered to be one main 
environmental benefit of biomass combustion. 

In the case of an incomplete combustion, pollutants 
such as CO, C X H Y , PAH, tar, soot, unburned carbon, 
NH 3 , and N 2 0 are formed. As shown above, an effec¬ 
tive reduction of these pollutants is achieved by an 
optimized combustion process, providing good mixing 
between fuel and air, enough retention time (above 
1.0 s) at high temperatures (above 850°C), and a low 
total X. In modern automated furnaces with 
effective process control systems the concentrations of 
unburned pollutants can be reduced to levels close to 
zero (e.g., CO < 50 mg/Nm 3 and C X H Y < 5 mg/Nm 3 
at 11% 0 2 [9]). 

NO x emissions from biomass combustion applica¬ 
tions are mainly a result of complete oxidation of fuel 
nitrogen, both from gas-phase combustion and char 
combustion. Additional NO x may be formed from 


nitrogen in the air under certain conditions. However, 
these reaction mechanisms are not considered to be of 
significant importance in most biomass combustion 
applications due to the limited combustion tempera¬ 
tures. The main nitric oxide emitted is NO to be 
converted to N0 2 within the atmosphere. 

Figure 12 shows measured data of NO x emissions 
(left) and the percentage of fuel N converted to NO x 
(right) versus the N content in the fuel for different 
biomass fuels. The graphic clearly indicates that NO x 
emissions increase with increasing N content in the fuel 
while the rate of fuel N converted to NO x decreases. 

In order to reduce NO x emissions from biomass 
combustion, several primary and secondary measures 
exist. For the utilization of chemically untreated 
biomass fuels, secondary measures are usually not 
necessary [12, 38]. If secondary measures are needed, 
they should always be combined with primary mea¬ 
sures in order to efficiently utilize the NO x reduction 
potential available and to reduce operating costs 
(additive utilization). 

Air staging is a widely applied primary measure for 
NO x reduction. Here primary and secondary combus¬ 
tion air is injected in separated zones. In order to 
efficiently reduce NO x emissions, the air ratio in the 
primary combustion chamber should be between 0.6 
and 0.9 and the residence time of the flue gas in the 
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Biomass Energy Heat Provision in Modern Large-Scale Systems. Figure 12 

NOx emissions {left) and fuel N converted to NOx {right) in dependence of the N content in the fuel for different biomass 
fuels 
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primary combustion chamber approx. 0.2-0.5 s at 
temperatures above 800°C. Furthermore, good mixing 
in the primary combustion zone is of great relevance. 
This can be achieved by appropriate flue gas 
recirculation. The potential for NO x -reduction by air 
staging is between 30% and 60%. 

A second possibility to reduce NO x emissions by 
primary measures is fuel staging, where the primary 
and the secondary fuel is supplied in separate 
zones. Due to the complexity of the system, fuel staging 
is usually limited to large-scale applications. Approxi¬ 
mately 70% primary fuel and 30% secondary fuel is 
used. The excess air ratio in the reduction zone 
following the secondary fuel supply should be between 
0.6 and 0.8. Natural gas, biomass producer gas, 
shavings, or sawdust are usually utilized as secondary 
fuels. The potential of NO x reduction by fuel staging 
amounts to 50-70%. 

If primary measures fail to achieve the targeted 
NO x reduction, they can be combined with 
secondary measures. These are selective noncatalytic 
reduction (SNCR) and selective catalytic reduction 
(SCR) [12, 39]. 

• In the SNCR process, ammonia or urea is injected 
into the flue gas at high temperatures and oxidizing 
conditions, usually between 850° C and 950° C and 
a residence time after injection of 0.3-0.5 s [39]. 
Because of the high temperature, this process 
does not need a catalyst to initiate the reactions. 
Ammonia is injected at a rate of between 1:1 and 
2.2:1 mole ammonia to mole of NO x reduced. 
About 60-70% NO reduction can be realized with 
SNCR. This process requires an accurate temperature 
control to achieve optimum reduction conditions. If 
the temperature is too high, ammonia is oxidized to 
NO and if the temperature is too low, ammonia does 
not react at all and is emitted together with the NO x . 
Additionally, a good mixing is very important. 
Most SNCR processes have an ammonia slip of 
some ppm in the flue gas leaving the stack. 

• The SCR process reduces NO to N 2 by reactions 
with usually ammonia or urea in the presence of 
a platinum, titanium, or vanadium oxide catalyst. 
SCR operates optimally in a temperature range of 
220-270° C using ammonia, and 400-450° C using 
urea [39]. The stoichiometric coefficient is usually 


around 1.0. Approximately an 80% NO x reduction 
has been reported for SCR in fossil fuel combustion 
[40], where it is the most widely used secondary 
NO x control technology. However, up to 95% NO x 
reduction at 250°C without significant slippage of 
ammonia in a wood-firing system has been 
reported [39]. For the SCR process in combination 
with biomass combustion, the long-term behavior 
of the catalyst can be a problem, as deactivation is 
likely. In this respect, an efficient dust precipitation 
stage upstream the SCR unit is an important 
requirement. SCR systems are considerably more 
expensive than SNCR systems but can be econom¬ 
ically interesting for large-scale applications due to 
the better conversion efficiency achievable. 

Figure 13 shows the relation between fuel N content, 
NO x emission reduction measures, and NO x emissions. 

The Cl and S content in different biomass fuels vary 
in a wide range (Fig. 2) and consequently Cl- and 
S-related problems may vary considerably for 
different fuels. In biomass combustion systems usually 
40-80 wt% (for wood chips and bark furnaces) and 
80-85 wt% (for straw and cereal furnaces equipped 
with fibrous filters) are embedded in the ashes 
(related to the total amount of Cl in the biomass 
fuel). For S the respective values are 40-90 wt% (for 
wood chips and bark furnaces) and 45-55 wt% 
(for straw and cereal furnaces equipped with 
fibrous filters). The remaining Cl and S is emitted as 
HC1 and S0 2 (and to a small extent as S0 3 ). 
Especially S0 3 emissions may cause corrosion 
problems in economizers since S0 3 increases the dew 
point of the flue gas considerably. If high HC1 and/or SO x 
emissions occur (e.g., for waste wood and straw com¬ 
bustion), the conventional approach to the control of 
HC1 and SO x emission reduction is the application of 
dry sorption with calcium hydroxide or sodium 
bicarbonate in combination with a baghouse filter 

Ash and Aerosol Formation 

During the combustion of solid biofuels, the behavior 
of ash-forming elements follows a general scheme 
(Fig. 14). Below, a brief description of the basic princi¬ 
ples of ash formation during biomass combustion is 
given. 
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Biomass Energy Heat Provision in Modern Large-Scale Systems. Figure 13 

Relation between fuel N content, NO x emission reduction measures, and NO x emissions. (Explanations: NO x calculated as 
N0 2 and related to dry flue gas and 11 vol% 0 2 ) 
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Ash formation during biomass combustion 
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Upon entering the combustion unit, the fuel is first 
dried, followed by devolatilization of the volatile organic 
matter. Subsequently, the remaining fixed carbon is oxi¬ 
dized during heterogeneous gas-solid reactions, which is 
called charcoal combustion. During these steps, the 
ash-forming elements behave in two different ways 
depending on their volatility. Nonvolatile compounds 
such as Si, Ca, Mg, Fe, and A1 are engaged in ash fusion 
as well as coagulation processes. Once the organic matter 
has been released or oxidized, these elements remain as 
coarse ash structures. Semi-volatile species such as K and 
Na and volatile species such as S, Cl, Zn, and Pb generally 
behave differently. A certain proportion up to the almost 
whole amount contained in the fuel of these elements is 
released to the gas phase due to the high temperatures 
occurring during combustion. There they undergo 
homogeneous gas phase reactions and later, due to super¬ 
saturation in the gas phase, these ash-forming vapors 
start to nucleate (formation of sub micron aerosol parti¬ 
cles) or condense on, respectively, react with the surfaces 
of existing particles or directly condense on heat 
exchanger surfaces. The submicron particles, so-called 
aerosols, form one important fraction of the fly ashes. 
The second fly ash fraction consists of small coarse ash 
particles entrained from the fuel bed with the flue gas. 
Depending on particle size, they are either precipitated 
from the flue gas in the furnace or boiler mainly by 
inertial impaction or gravitational settling, or are 
entrained with the flue gas, forming coarse fly ash emis¬ 
sions. Consequently, the most relevant difference 
between coarse fly ashes and aerosols is that coarse fly 
ashes always remain in the solid phase while aerosols 
undergo phase changes during their formation process 
(release to the gas phase and gas-to-particle conversion). 

A share of the volatile ash-forming elements is not 
released to the gas phase but undergoes secondary reac¬ 
tions with the nonvolatile species (e.g., Ca, Si), thus being 
embedded in the coarse ash. The mechanisms of these 
secondary reactions and the parameters influencing the 
release of volatile species from the fuel are of great rele¬ 
vance for aerosol and deposit formation [41]. 

Especially with respect to the utilization of herba¬ 
ceous biofuels as well as residues from agricultural, 
food, and biofuel industry, the special role of P has to 
be mentioned. In conventional wood fuels P is mainly 
inorganically bound and therefore, almost all P is 
embedded in the coarse ash fraction. In agricultural 


biomass as well as biogenic residues from industrial 
processes a share of the P may also be organically 
bound. Parts of this organically bound P can also be 
released to the gas phase and therefore participate in 
aerosol and deposit formation processes [11, 42]. 

The bottom ash represents the ash fraction 
remaining in the furnace after combustion of the fuel 
and is then removed by the de-ashing system. Coarse 
fly ash particles, which are entrained from the fuel bed 
with the flue gas, are partly precipitated on their 
way through the furnace and the boiler by inertial 
impaction, gravitational and centrifugal forces and 
therefore form the so-called furnace or boiler ash. 
Particles that are small enough to follow the flue gas 
on its way through the furnace and the boiler finally 
form the coarse fly ash emission at boiler outlet. The 
major share of these particles is precipitated in cyclones 
or filters and forms the cyclone fly ash and parts of the 
filter fly ash. 

Table 6 gives typical data concerning the fraction¬ 
ation of ashes into bottom ashes, cyclone fly ashes 
and filter fly ashes in modern fixed-bed biomass 
combustion plants [12]. On the contrary, in fluidized 
bed and pulverized fuel combustion the amount of 
bottom ash is low while the fly ash fractions clearly 
dominate. It is recommended to use a two-stage fly ash 
precipitation (cyclone plus filter) in order to increase 
the overall dust precipitation efficiency. 

Aerosols are formed by gas-to-particle conversion 
processes in the furnace and in the boiler. Some of the 
aerosol particles coagulate with coarse fly ashes due to 
collisions. Moreover, a smaller part of aerosols is 
also precipitated in the boiler and therefore contributes 
to the boiler ash while the major part of this fraction is 
emitted with the flue gas at boiler outlet. Since aerosols 
are characterized by particle sizes significantly below 
1 pm (ae.d.), precipitation in a cyclone, which usually 
has a cut diameter of about 5-10 pm, is almost impossi¬ 
ble. Thus, aerosols can only be precipitated in more 
advanced filter systems such as baghouse filters and elec¬ 
trostatic precipitators (ESP). Consequently, aerosols do 
not contribute to the cyclone fly ashes but to the filter 
fly ashes as well as to the particulate emissions at filter 
outlet. 

Figure 15 gives the scheme of a typical large-scale 
grate-fired steam boiler to show where the different ash 
fractions occur. 
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Biomass Energy Heat Provision in Modern Large-Scale Systems. Table 6 Typical shares of the different ash fractions on 
the total ashes produced 



Bark combustion 

Wood chips combustion 

Sawdust combustion 

Straw combustion 

Bottom ash 

65-85 

60-90 

20-30 

80-90 

Cyclone fly ash 

10-25 

10-30 

50-70 

2-5 

Filter fly ash 

2-10 

2-10 

10-25 

5-15 



Biomass Energy Heat Provision in Modern Large-Scale Systems. Figure 15 

Ash fractions in a biomass combustion unit. (Explanations: typical plant scheme of a large-scale grate-fired steam boiler) 


The initial step for coarse fly ash formation is the 
entrainment of small ash, fuel and charcoal particles 
from the fuel bed with the flue gas. The mass of parti¬ 
cles entrained from the fuel bed is influenced by the 
following parameters: 

• The fuel, the ash content and the particle size of the 
fuel are of major relevance for particle entrainment. 
The probability that an ash particle is entrained 
from the fuel bed with the flue gas significantly 
increases with increasing ash content of the fuel 
(Fig. 16, left). Particle entrainment also increases 
with decreasing particle size of the fuel. 

• The boiler load also influences particle entrainment 
from the fuel bed. Measurements performed show 
a clear tendency of increasing fly ash emissions with 
increasing boiler load of the combustion plant 
(Fig. 16, right). 

• In the case of grate-fired systems, the grate system 
applied as well as the design of the grate have 
an influence on ash entrainment. Grate systems 


such as horizontally moving grates, which keep 
the fuel bed comparably undisturbed during its 
movement along the grate, show a tendency toward 
lower ash entrainment than grate systems such as 
inclined moving grates (due to gravity enforced 
movements) and vibrating grates. Moreover, the 
grate design should avoid locally excessive combus¬ 
tion air velocities in the fuel bed, which could 
lead to channeling and increased fuel and ash 
entrainment. 

• The control system of the combustion plant should 
be designed in order to achieve a smooth fuel trans¬ 
port on the grate and to minimize disturbances of 
the fuel bed, which lead to increased particle 
entrainment. 

A considerable number of tests have been carried 
out to investigate possible parameters influencing the 
mass of aerosols formed during combustion. 
Therefore, the combustion air ratio, the furnaces 
temperature, the moisture content of the fuel, as well 
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Biomass Energy Heat Provision in Modern Large-Scale Systems. Figure 16 

Influence of the ash content of the fuel (left picture) and the boiler load (right picture) on the total fly ash emissions. 
(Explanations: emission data related to dry flue gas and 13 vol% 0 2 , d.b. dry basis, results from tests performed at different 
grate fired systems, for the results presented on the left picture only measurements at full load (>80% of the nominal 
boiler capacity) were considered 
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Biomass Energy Heat Provision in Modern Large-Scale Systems. Figure 17 

Influence of the fuel used on the mass of aerosols formed 


as the influence of flue gas recirculation are considered. 
These parameters are varied during test runs in a 
range, which is typical for the operation of fixed-bed 
combustion units. Based on this no significant 
influences of the parameters mentioned on the mass 
of aerosols formed during combustion could be 
identified. This leads to the conclusion that as long as 
almost complete burnout prevails, the fuel composi¬ 
tion, or in more detail, the release of aerosol-forming 
species from the fuel during combustion, is the most 


relevant parameter determining the mass of aerosols 
formed. This statement is confirmed by the data 
presented in Fig. 17, where the concentrations of 
the most relevant aerosol-forming elements K, 
Na, Zn, and Pb in the fuel are plotted against 
the average aerosol emissions measured at boiler 
outlet of medium and large-scale fixed-bed com¬ 
bustion plants [43]. 

Results from test runs including element balances 
over fixed-bed combustion plants performed with 
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beech, bark, and waste wood have shown that usually 
10-40 wt% of K and Na, more than 80% of S, more 
than 95% of Cl, as well as more than 80% of Zn and Pb 
are released to the gas phase. 

Different particle precipitation technologies are 
available in order to reduce particle emissions from 
biomass combustion plants. However, not every 
technology suits every need. Among the determining 
factors are the particle size, required collection 
efficiency, gas flow, allowed time between cleanings, 
the detailed nature of the particles, and the presence 
of tars in the flue gas. The following rules of thumb may 
be helpful in selecting particle control technologies for 
biomass combustion applications: 

• Sticky particles (e.g., tars) must be collected in 
a liquid (e.g., with a scrubber). Alternatively, a bag 
filter or an electrostatic filter with coated collecting 
surfaces is possible. There must also be a way to 
process the produced contaminated liquids. 

• Particles that adhere well to each other but not to 
solid surfaces are easy to collect. Those that do the 
reverse often need special surfaces, e.g., Teflon- 
coated fibers in filters that release collected particles 
well during cleaning. 

• The electrical properties of the particles are of 
paramount importance in electrostatic filters, and 
they are often significant in other control devices 


where friction-induced electrostatic charges on the 
particles can aid or hinder collection. 

• For nonsticky particles larger than about 5 pm, 
a cyclone separator is probably the only device to 
consider. 

• For particles much smaller than 5 pm normally 
electrostatic filters, baghouse filters or scrubbers 
are considered. Each of these can collect particles 
as small as a fraction of a micron. 

• For large flows, the pumping cost makes scrubbers 
very expensive; other devices are preferable. 

• Corrosion resistance and dew point must always be 
considered. 

Figure 18 shows the collection efficiencies for 
some proven particle precipitation technologies as 
a function of particle diameter. Table 7 summarizes 
typical sizes of particles removed by several proven 
particle control technologies and typical removal 
efficiencies. 

Below, the most important particle precipitation 
technologies for biomass combustion plants are briefly 
discussed. 

• Cyclones. Particle separation within a cyclone is 
based on the principle of gravity in combination 
with centrifugal forces. Gas and solid particles 
are exposed to centrifugal forces. Because of the 
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Collection efficiencies for different particle control technologies [44] 
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Biomass Energy Heat Provision in Modern Large-Scale 
Systems. Table 7 Typical sizes of particles removed by 
various particle control technologies 


Particle control 
technology 

Particle size (|mm) 

Efficiency (%) 

Settling chambers 

>50 

<50 

Cyclones 

>5 

<80 

Multicyclones 

>5 

<90 

Electrostatic filters 

<1 

>99 

Bag filters 

<1 

>99 

Spray chambers 

>10 

<80 

Impingement 

scrubbers 

>3 

<80 

Cyclone spray 
chambers 

>3 

<80 

Venturi scrubbers 

>0.5 

<99 


centrifugal forces, particles hit the wall and 
slide down into a container. 

• Multicyclones. The separation efficiency of a cyclone 
can be improved by increasing the centrifugal force 
through reduction of the cyclone diameter. In order 
to prevent loss of capacity, several cyclones can 
be used in parallel. 

• Electrostatic precipitators. In an electrostatic 
precipitator, the particles are first electrically 
charged. Then they are exposed to an electrical 
field in which they are attracted to an electrode. In 
practice, separation can be done in one or two 
stages. In case of two-stage separation, charging of 
the particles is first done in a very strong electric 
field, after which a relatively weak field separates the 
particles. 

• Baghouse filters. The construction of a bag filter 
consists of a filter or cloth, tightly woven from 
special fibers and hung up in a closed construction 
through which flue gas passes. The separation 
efficiency of bag filters is quite high, even with 
high flue gas flow rates and high particle content. 
The first layer of particles improves the filtration 
efficiency. However, as more particles settle on the 
cloth, the pressure drop increases. Therefore, 
periodically the cloth is cleaned by vibration 


or pressurized air. Cloth filters are usually 
manufactured in cylindrical shapes. 

• Scrubbers. In scrubbers, particles are scrubbed out 
from the flue gas by water droplets of various sizes, 
depending on the type of scrubber used. The parti¬ 
cles are removed by collision and interception 
between droplets and particles. Upon impact, the 
particles are wetted and carried by the water 
droplet. The more droplets are formed, the more 
efficient the unit is. Therefore, the droplets must 
be small. Smaller-diameter spray nozzles will 
produce smaller droplets but will also result in 
higher pressure drops, consuming more energy. 
Since efficiency increases as the droplet size 
decreases, efficiency increases with increasing 
pressure drop. 

Slagging, Deposit Formation, and Corrosion 

Ash melting, deposit formation, and corrosion are the 
major internal plant operation-related problems asso¬ 
ciated to ash-forming elements. Ash melting can occur 
on the grate and on non-cooled furnace walls. More¬ 
over, fly ash depositions formed on heat exchanger 
surfaces can also melt. As soon as ashes start partly to 
melt or fuse, the resulting ash pieces usually called slag. 

Deposit formation means the formation of ash 
layers on furnace and boiler surfaces (furnace walls, 
radiative and convective heat exchanger surfaces). 
Thereby it is often distinguished between slagging and 
fouling. Slagging is the formation of molten or partially 
fused deposits on furnace walls or convection surfaces 
exposed to radiant heat. Fouling is commonly defined 
as the formation of deposits on convective heat 
exchanger surfaces such as boiler tubes in hot water 
fire tube boilers and superheaters in water tube steam 
boilers. 

Ash Melting and Slagging Ash melting on the grate 
can result in problems with the combustion process 
since slag plates can hinder the primary airflow 
through the fuel bed. Moreover, larger slag pieces can 
lead to damages of the grate as well as to problems with 
blocking the de-ashing system. Slagging and deposit 
formation in the furnace can lead to increased pressure 
losses due to smaller flow areas in narrow parts of the 
furnace, and slagging and deposit formation in the 
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Biomass Energy Heat Provision in Modern Large-Scale Systems. Figure 19 

Examples for slag formation. (Explanations: left slag formation in a moving grate furnace during combustion of industrial 
biogenic residues, right slag formation in the radiative section of a steam boiler) 


radiative sections of steam boilers can lead to reduced 
heat transfer. Figure 19 shows typical examples 
for slagging on a grate and for slag formation in the 
radiative part of a steam boiler. 

Slag formation in biomass furnaces and boilers is 
always a result of ash melting. Not necessarily, the 
whole ash has to melt. Usually, single phases which 
show low melting temperatures start to melt and act 
as glue between ash particles with higher melting tem¬ 
peratures. Therefore, always different phases of molten 
and non-molten compounds can be found when ana¬ 
lyzing slag pieces or hard deposits. The formation of 
slag pieces and hard deposits starts at temperatures 
where about 15 wt% of the ash in a certain ash piece 
are molten (T 15 ) [45]. At the temperature where the 
share of molten phases exceeds 70 wt% (T 70 ), the slag/ 
deposit typically starts to flow. 

Thermodynamic equilibrium calculations have 
turned out to be a useful tool to evaluate the 
melting behavior of biomass ashes. Thereby, thermo¬ 
dynamic equilibrium calculations of multiphase and 
multicomponent systems simultaneously handling 
hundreds of chemical species are applied. For combus¬ 
tion systems, both major and minor ash-forming 
components are taken into account. The reactions of 
the minor components are usually dependent on the 
reactions of the major components. However, minor 
elements (especially Pb and Zn as well as Cl) are also of 
great relevance, since they usually contribute to 


a reduction of the ash melting temperatures of ash 
mixtures. The thermodynamic databases used must 
be of high quality because small errors and deviations 
in data for main components give bigger errors on 
small components and give wrong results. Especially 
concerning systems containing P only restricted 
thermodynamic data are presently available. 

One big advantage of thermodynamic equilibrium 
calculations is that they can be performed for typical 
grate ash as well as fly ash compositions separately. 
Therefore, also the significantly differing chemical 
composition of these fractions can be taken into 
account when determining their melting behavior 
(e.g., fly ashes with high amounts of alkaline metal 
salts show typically considerably lower melting 
temperatures). 

Figure 20 presents results from thermodynamic 
equilibrium calculations performed for bottom ashes 
from bark and straw combustion. Here the amount of 
molten phase in the ash is plotted against the temper¬ 
ature. Since the input data for the calculations have 
been taken from bottom ash analyses performed during 
real-scale test runs, realistic ash compositions form the 
basis for these calculations. In the case of straw 
combustion a rapid increase of the molten phases at 
temperatures above 750° C occurs. T 15 is reached below 
800° C. For ashes from bark combustion this effect 
happens at significantly higher temperatures of about 
1,250°C. Moreover, the results of the calculations 
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Biomass Energy Heat Provision in Modern Large-Scale Systems. Figure 20 

Formation of molten phases in bottom ashes from bark and straw combustion - results from thermodynamic equilibrium 
calculations [47] 


provide data about the compositions of the molten 
phases as well as the changes of the compositions 
depending on temperature. 

These results can then also be compared with results 
from SEM/EDX analyses of molten phases of ash and 
slag pieces in order the get a more detailed picture of 
the ash-melting behavior of complex ash mixtures. 
Such calculations can be useful to indicate relevant 
trends and differences between various fuels and ash 
fractions. 

Figure 21 shows the influence of heavy metals on 
the melting behavior of Cl-containing fly ash mixtures. 
The upper part of the blue line for instance shows the 
ash melting point of pure K 2 S0 4 (melting point: 
1,068°C), which is a relevant compound of aerosols 
formed during biomass combustion. If K-carbonate is 
formed the first melting point decreases to 940° C, and 
if K-chloride is formed to 643°C. Small amounts of Na 
(red curve) decrease the first melting point to 609°C. 
The presence of Pb and Zn, even in small amounts 
compared to K and Na, results in molten phases at 
such low temperatures as 196°C. 

As it can be revealed from Figs. 20 and 21, ashes 
from different biomass fuels can show significantly dif¬ 
ferent ash melting behaviors and therefore, measures to 
reduce problems with ash melting and slagging in com¬ 
bustion plants have always to be adjusted to the chemical 
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Biomass Energy Heat Provision in Modern Large-Scale 
Systems. Figure 21 

The influence of different K salts as well as of heavy metals 
on the melting temperatures of ash mixtures. 
(Explanations: Source [41]) 


composition of the fuel applied. Appropriate measures 
usually implemented in modern biomass combustion 
systems are grate cooling, furnace cooling by cooled 
walls or flue gas recirculation, the appropriate 
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adjustment of the flue gas inlet temperature in convec¬ 
tive boiler sections and of the superheater steam tem¬ 
perature, as well as the utilization of additives. 

Deposit Formation Deposits are formed by coarse 
fly ashes as well as condensable gaseous ash-forming 
compounds present in the flue gas. Under the typical 
conditions prevailing in biomass hot water, thermal oil, 
and steam boilers, the direct condensation of 
ash-forming vapors on heat exchanger surfaces and 
inertial impaction are of major relevance concerning 
deposit formation. Thermophoresis has certain 
relevance, especially when high-temperature gradients 
between a cooled wall and the flue gas occur. Other 
mechanisms such as turbulent eddy impaction, 
Brownian diffusion, and diffusiophoresis are of 
minor relevance. 

With increasing deposit thickness, the heat transfer 
through the heat exchanger tubes decreases which 
results in a loss of efficiency. Severe deposit formation 
(fouling) can block the flue gas pathways through 
heat exchanger sections. Figure 22 shows deposits on 
superheater tubes of a waste wood fired steam boiler. 

The temperature at the gas side deposit surface 
increases with increasing deposit thickness (Fig. 23). 
There, results gained from CFD simulations performed 
for a superheater tube with a surface temperature of 
590°C exposed to a flue gas stream with 1,050°C are 
presented. From the simulation results, it can be 
derived that with increasing deposit thickness the 


surface temperature at the flue gas side significantly 
increases and finally reaches more than 900° C at 
a deposit thickness of about 4 mm. With increasing 
surface temperature the fraction of molten phases 
increases and therefore the deposit becomes more 
sticky and grows faster. Finally, higher amounts of 
molten phases also lead to the formation of hard 
deposit layers problematic to be removed. 

Consequently, it is important to periodically clean 
heat exchanger surfaces in order to reduce deposit 
growth. Therefore, different automatic heat exchanger 
cleaning systems listed below are usually applied. 

• Fire tube boilers can be cleaned by injecting pres¬ 
surized air into the tubes. Thereby, in an interval of 
some hours for some milliseconds an air pulse is 
injected which cleans the boiler tubes. Membrane 
valves control this air pulse. To protect these valves 
from too high temperatures, the cleaning system is 
usually installed on the wall of the turning chamber 
between the first and the second duct (cleaning of 
the first duct in countercurrent and of the second 
duct in cocurrent flow). 

• In water tube steam boilers, usually soot blowers are 
installed to remove deposits from the superheater 
surfaces. If there is an increased risk for deposit for¬ 
mation on the tubes in the radiative boiler section, 
sometimes water canons are also installed. Moreover, 
shot cleaning by injecting small metal balls into the 
heat exchanger bundles is sometimes applied. 



Biomass Energy Heat Provision in Modern Large-Scale Systems. Figure 22 

Pictures of deposits formed on superheater tubes of a steam boiler during waste wood combustion. (Explanations: left 
typical deposit formation, right severe deposit formation leading to the blocking of heat exchanger pathways) 
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Biomass Energy Heat Provision in Modern Large-Scale Systems. Figure 23 

Ash deposit layer on a water-cooled deposition probe {left) compared with CFD simulations performed {middle) and 
influence of ash depositions on the surface temperatures {right). (Explanations: bulk flue gas temperature 1,050°C, clean 
probe surface temperature 590°C, figures at the top top view figures at the bottom side view) 


Besides these secondary measures also primary mea¬ 
sures for the reduction of deposit formation should be 
considered. These measures involve the adjustment of 
the flue gas and tube surface temperatures to the 
expected properties of condensing ash-forming com¬ 
pounds (which depend on the composition of the fuel 
applied) during boiler design as well as a careful control 
of the flue gas temperatures during operation. Moreover, 
additives can be used to reduce deposit formation. 

Additionally, load changes can lead to changing flue 
gas and boiler tube temperatures. Due to thermal 
stresses, deposits can be partly destroyed during phases 
with load changes. This effect can additionally support 
the efficiency of automatic cleaning systems. 

Corrosion Corrosion is an important issue espe¬ 
cially for biomass plants utilizing fuels with high 
chlorine and sulfur contents. For biomass combustion, 
three possible corrosion mechanisms are distinguished: 

• Active oxidation 

• Corrosion due to molten alkaline metal compounds 
and other salts 

• Acid dew point corrosion 

The so-called active oxidation (or high-temperature 
chlorine corrosion) is the most relevant corrosion 


mechanism in biomass boilers (see Fig. 24). This mech¬ 
anism is based on the formation of Cl-containing deposit 
layers on the boiler tube surfaces. The first step of deposit 
formation is the formation of an ash layer by direct 
condensation of alkaline metal and heavy metal salts 
(chlorides and sulfates) on the boiler tube surfaces. The 
chemical composition of this condensed layer depends 
on the tube surface temperature and on the fuel compo¬ 
sition, respectively, the release behavior of alkaline 
metals, Cl, S and easily volatile heavy metals from the 
fuel to the gas phase. If the molar ratio 2S/C1 released 
from the fuel to the gas phase is high and flue gas 
temperatures above 850° C occur, mainly alkaline metal 
sulfate vapors are formed while, if this ratio is low, 
the formation of alkaline metal chlorides usually 
dominates. 

Combustion tests with chemically untreated wood 
fuels as well as waste wood have shown, that, when 
utilizing chemically untreated biomass, at tube surface 
temperatures above 500° C the Cl-concentration in the 
deposits starts to significantly decrease [46]. As soon as 
the surface temperature exceeds 550° C almost no Cl 
could be found in the deposits. Superheaters of modern 
steam boilers utilizing chemically untreated biofuels are 
usually designed for steam temperatures between 480° C 
and 540° C and thus operate in this temperature range. 






















Biomass Energy Heat Provision in Modern Large-Scale Systems 


375 


n 2 , co 2 , o 2 

S0 2 , S0 3 , MeCI (g) 

flue gas 

1 

S0 2 0 2 
| | 

sulfates/chlorides 

silicates 

ash layer 

C 

i 

/l 2 + Na 2 S0 4 ^— S0 2 + 0 2 + 2 NaOl 

r 

Fe 2 0 3 + ash 

outer 

oxide layer 

i i 

Fe 3 0 4 + FeS 

inner 

oxide layer 

i 3 Fe 2 0 3 — 1/2 0 2 + 2 Fe 3 0 4 

1 i 

3 Cl 2 + Fe 3 0 4 — 2 0 2 + 3 FeCI 2 

FeCI 2 

corrosion front 

4 Cl 2 + FeS + Fe 3 0 4 ^ S0 2 + 0 2 + 4 FeCI 2 

1 t 

Cl 2 +Fe —► FeCI 2 

low alloyed steel 

tube wall 

PFeCi 2 = 10“ 5 - 10' 3 bar at 400 - 530 °C 


Biomass Energy Heat Provision in Modern Large-Scale Systems. Figure 24 

Schematic explanation of the active oxidation mechanism [49] 


In hot water boilers on the other hand, where the 
tube surface temperatures are rather low (around 
100°C) compared with steam boilers, Cl containing 
deposits are found even when utilizing fuels with 
very low Cl contents and high 2S/C1 ratios. 

To start the process of active oxidation besides Cl- 
containing deposits also gaseous S0 2 is needed. S0 2 
reacts with alkaline metal chlorides under formation of 
alkali metal sulfate and release of Cl 2 . This process 
happens in the deposit layer and therefore, Cl 2 
diffusing toward the inner oxide layer can form FeCl 2 . 
FeCl 2 has, depending on the temperature, a certain 
volatility under reducing conditions and can therefore 
be vaporized. The vapor formed diffuses from the tube 
wall into the ash layer. There, it is oxidized again 
(due to the increasing partial pressure of 0 2 toward 
the flue gas) and the Cl 2 , which is released, can diffuse 
back to the tube wall and react there again with iron 
oxide. Following this process, even small amounts of Cl 
released in the ash layer have the potential to cause 
considerable corrosion damages if the residence time 
of the ash layer on the tube surfaces is high enough. 

Three measures to reduce active oxidation can be 
mentioned: 

1. Utilization of fuels with a high molar 2S/C1 ratio to 
enforce the formation of K 2 S0 4 instead of KC1 layers. 

2. Lower tube surface temperatures considerably 
reduce the evaporation of FeCl 2 and thus slow 
down the corrosion process. 


3. Frequent cleaning of the boiler tubes (implementa¬ 
tion of automatic boiler cleaning systems) in order 
to keep the residence time of ash layers on the tube 
surfaces low and thus to limit the sulfation 
reactions. 

The second corrosion mechanism depends on 
the presence of alkaline metal and heavy metal 
chlorides and sulfates on boiler tube surfaces. 
These chlorides and sulfates and especially mix¬ 
tures of them can show comparably low melting 
temperatures (Fig. 21). Molten salt phases thereby can 
attack the tube material. This mechanism is of minor 
relevance for the combustion of chemically untreated 
fuels. However, in the case of the combustion of 
waste material such as waste wood, which contains 
comparably high heavy metal concentrations, it can 
be of relevance. 

During the utilization of chemically untreated woody 
fuels, usually no problems with acid dew point-induced 
corrosion are observed. However, when utilizing waste 
wood or biogeneous residues, this mechanism can 
become important. If a fuel contains high S concentra¬ 
tions and comparably low K and Caconcentrations, 
a relevant amount of S will not be embedded into the 
ashes by the formation of K 2 S0 4 and CaS0 4 but remains 
as S0 2 in the gaseous phase. A part of the S0 2 reacts to 
S0 3 and then with water (flue gas moisture) to form 
H 2 S0 4 . The acid dew point temperature (ADT) of 
H 2 S0 4 significantly increases with increasing 
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S0 3 -concentrations in the flue gas. If the temperatures 
of boiler or economizer tube surfaces are below this dew 
point temperature, H 2 S0 4 condensation followed by 
corrosion takes place. Therefore, an appropriate adjust¬ 
ment of the surface temperatures of economizers and hot 
water boilers beyond the expected acid dew points is of 
relevance. 

For future technological developments, the main 
aim is to increase the thermal and electric efficiency 
by increasing the steam parameters. Thereby, especially 
fouling and corrosion-related problems have to be 
considered. For straw combustion for instance, 
a steam temperature of 542° C leading to an electric 
efficiency of 31.7% has already been achieved, e.g., in 
the CHP plant Maribo-Sakskobing (Denmark). 
Figure 25 shows a scheme of this CHP plant utilizing 
wheat straw. Here appropriate technological solutions 



Biomass Energy Heat Provision in Modern Large-Scale 
Systems. Figure 25 

Case study for appropriate technological solutions in order 
to reduce corrosion-related problems - the CHP plant 
Maribo-Sakskobing (Denmark). (Explanations: Source: 
Bioener ApS; main fuel wheat straw, steam pressure 92 bar, 
steam temperature 542°C, power output (gross) 10.6 MW, 
thermal output 20 MW, electric efficiency (gross) 31.7%, 
thermal plant efficiency 60%, total plant efficiency 91.7%, 
efficiencies related to fuel power input (NCV)) 


in order to reduce corrosion particularly in the high- 
temperature stages of the superheaters have been 
implemented. The boiler and in particular the super¬ 
heaters are specially designed to handle the harsh con¬ 
dition from combustion of straw and straw-like 
biomass fuels in a highly efficient boiler with advanced 
steam data. The first and second pass superheater 
stages are operated in the so-called slagging mode. 
A continuous K 2 S0 4 slag layer on tube surfaces protects 
the superheater material against high-temperature 
chlorine corrosion. The slag layer is several cm thick 
and only removed when the plant is shut down due to 
thermal stress. By this way, electric efficiencies of more 
than 31% can be achieved in medium-scale CHP plants 
at plant availabilities of above 90%. 

For CHP plants utilizing wood fuels, even higher 
steam parameters and consequently efficiencies should 
be the target for future developments. First R&D results 
show low corrosion potentials due to decreasing 
Cl-concentrations in deposits at temperatures above 
540° C. However, further long-term tests are needed. 
For such tests newly developed corrosion probes 
are a useful development tool [48, 49]. The correct 
choice of the superheater materials plays an important 
role for such advanced approaches. Moreover, the 
application of additives which reduce the Cl-content 
of deposits can contribute to a further increase of the 
steam temperatures. 

Intelligent Process Control Systems 

State-of-the-art control systems for biomass combus¬ 
tion plants usually work with four control circuits 
which control the load, the furnace temperatures, the 
pressure in the furnace, and the secondary air ratio. 
Each of these control circuits is responsible to set 
respective output parameters based on measured data 
and defined setpoints. They are to a large extent inde¬ 
pendent from each other. Dependencies and some¬ 
times highly nonlinear interrelations between the 
different output parameters are not or only to a small 
extent taken into consideration. Consequently, conven¬ 
tional control systems work sufficiently efficient at 
steady state but not efficient in intermediate conditions 
(e.g., load changes or changes of the fuel quality). The 
potential of a modern biomass furnace with an 
optimized furnace geometry and nozzle design is 
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not fully utilized concerning low emission operation 
and high energetic efficiencies by conventional con¬ 
trol systems. 

Within recent years control systems implementing 
neuronal networks, fuzzy logic, and model-based con¬ 
trol gained more and more importance but are at the 
moment not or only to a small extent applied for 
biomass combustion plants. 

With neuronal networks, it is possible to develop 
a mathematical model in a fast and convenient way 
directly from experimental data. The major drawback 
is that the models are not based on the underlying 
physical relations and are only valid within the scope 
of the experimental data provided. Consequently, 
validity is not guaranteed for every state. 

Fuzzy control is based on a description of a system 
based on fuzzy logic, which allows to deduce 
a mathematical model from a linguistical description 
of the system behavior. Hence, fuzzy control has the 
advantage that the operator’s expertise can be used to 
develop a control strategy very quickly. The disadvan¬ 
tage of fuzzy concepts is the fact that states not consid¬ 
ered by rules can lead to malfunctions and that there is 
no deterministic procedure for the design of a fuzzy 
controller. Consequently, liberties in the realization of 
fuzzy controllers can degrade the results significantly. 
Up to now, fuzzy concepts are partly implemented in 
control systems for biomass combustion plants but 
there is no control system available completely based 
on fuzzy logic. 

Model-based concepts require a preferably sim¬ 
ple mathematical model that describes the main 
interrelations of the physical system to be controlled 
[50-53]. Based on this mathematical model, it is pos¬ 
sible to develop a controller taking the nonlinearity 
and the coupling of the different process variables 
explicitly into account, wherefore a well-established 
theory is available. Consequently, the so designed 
model-based controller is able to react more effi¬ 
ciently on unsteady operating conditions than the 
currently in combustion plants used control systems. 
The only disadvantage of the described model based 
control strategies is that they are very labor intensive 
in the case that no applicable mathematical model is 
available. If such models are available, then model 
based systems are evaluated to be the most suitable 
and efficient solution. 


New control concepts (especially model based con¬ 
trol strategies and fuzzy control) will gain more impor¬ 
tance for biomass combustion systems in the near 
future. 

Future Directions 

Biomass is the most important renewable energy 
source in the European Union. In the field of energetic 
utilization of solid biomass, combustion is the most 
advanced and market-proven application. Conse¬ 
quently, the energetic use of solid biomass is primarily 
based on biomass combustion at presence. Biomass 
combustion technologies, like fixed bed, fluidized 
bed, and pulverized fuel combustion, are currently 
available for different types of biomass fuels covering 
a wide range of plant capacities. Concerning plant size, 
the different applications of biomass combustion can 
be divided into small-scale biomass combustion sys¬ 
tems (capacity range below 100 kW th ), medium-scale 
combustion systems (capacity range between 0.1 and 
20 MW th ), large-scale combustion systems (capacity 
range above 20 MW th ), and co-firing of biomass in 
coal-fired power stations (capacity range usually some 
100 MW*). 

The necessary measures for a complete combustion 
are well known in principle. But they are still not 
implemented in all combustion plants operating 
today. Such improvement would comprise optimized 
mixing of gases in the furnace as well as implementa¬ 
tion of updated and more advanced process control 
systems. The thermal conversion efficiency of existing 
combustion plants also has a potential for improve¬ 
ment. These improvement potentials are mainly in the 
way the plant is operated, like improved maintenance, 
correct adjustment of excess air ratio, and optimized 
management of heat distribution. Moreover, process 
economy for large-scale combustion of biomass fuels 
with high water contents can be significantly improved 
by using flue gas condensation. 

Regarding plant design, chemical and physical 
properties of biomass fuels are of great importance. 
The fuel properties affect fuel transport, storage, and 
feeding systems as well as the combustion and boiler 
technology. Especially ash-related problems like aero¬ 
sol formation, slagging, deposit formation, and corro¬ 
sion in biomass combustion processes are always 
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strongly associated with the fuel chemistry, in detail, 
with the concentration and speciation of inorganic 
compounds in the fuel. Important guiding parameters 
are, in this respect, the molar ratios (K + Na)/(2S + Cl), 
2S/C1, and the sum of K, Na, Zn, and Pb in the fuel. 
High molar ratios of (K + Na)/(2S + Cl) indicate lower 
HC1 and SO x emissions. The molar ratio of 2S/C1 
indicates the preferred formation of alkaline sulfates 
or alkaline chlorides. K, Na, Zn, and Pb are the most 
relevant aerosol-forming elements. With increasing 
concentrations of these elements, the probability of 
aerosol formation as well as deposit formation increase 
as well. Consequently, if an ash-related problem has to 
be evaluated always comprehensive knowledge about 
the fuel is needed. 

Beside woody fuels, new feedstocks like annual and 
perennial energy crops, agricultural and industrial bio¬ 
genic residues, as well as chemically treated biofuels 
such as urban waste wood and demolition wood, can 
significantly contribute to the future energy supply. 
These types of fuels typically contain higher amounts 
of nitrogen and volatile ash-forming elements (K, Na, 
Zn, and Pb) as well as corrosive elements (S and Cl) 
than the typically chemically untreated woody fuels 
mainly used today. For this reason, special combustion 
and process control systems as well as new processes for 
efficient energy recovery and emission reduction will be 
required. 

NO x emissions from biomass combustion appli¬ 
cations are mainly due to the oxidization of fuel- 
bound nitrogen, whereas NO x formed from air- 
bound nitrogen is usually of minor relevance in most 
biomass combustion applications due to moderate 
combustion temperatures. Primary measures or com¬ 
binations of primary and secondary measures can 
efficiently reduce NO x emissions from biomass com¬ 
bustion. In addition, CFD-modeling of NO x formation 
is of great relevance for an improved future plant 
design. 

The reduction of dust and fine particle emissions 
especially by primary measures is of great relevance for 
small-scale applications typically not equipped with 
filter systems. For medium to large-scale plants, effi¬ 
cient filters like ESPs or baghouse filters are state of the 
art. 

CHP technologies based on biomass combustion 
have reached a high level of development. For large- 


scale CHP plants (above 2,000 kW e i), the steam turbine 
process is economically and technically feasible. In the 
medium-scale power range (200-3,000 kW el ) the 
organic Rankine cycle (ORC) process has proven its 
technological maturity. For small-scale CHP plants 
(below 100 kW el ) the Stirling engine process and the 
micro gas turbine are in a demonstration phase. How¬ 
ever, these technologies have not proven their techno¬ 
logical maturity yet. 

On going research mainly focuses on the utilization 
of new biomass fuels (annual crops, short rotation 
plants, waste materials from the agricultural and the 
food industry, etc) as well as the further development of 
combustion technology toward next generation (“zero 
emissions”) systems. The main focus regarding emis¬ 
sion reduction is on aerosol emissions as well as on 
NO x reduction (for all size ranges). Concerning CHP 
systems new developments focus on advanced and 
highly efficient systems. In this respect, increased 
steam parameters and higher availability are important 
targets. Regarding process control strategies for 
combustion plants, new concepts like model based 
systems will gain more and more importance. Future 
modeling activities aim at CFD models to simulate the 
whole biomass combustion plant (“virtual biomass 
combustion plant”) interlinking solid fuel combustion, 
gas phase reactions, the boiler as well as emissions and 
ash-related problems. 
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Glossary 

Annual efficiency Ratio of useful heat provided and 
total fuel energy input throughout a full heating 
season. 

Boiler Central heating boilers are designed to avoid the 
loss of heat to the surrounding space. For this reason, 
they are equipped with water heat exchangers using 
hot water central heating circuit through which the 
transfer of heat to the relevant rooms is realized. 
Boiler efficiency Same as combustion efficiency but 
heat radiation is accounted as a loss. 

Combustion efficiency Momentary ratio of useful 
heat and fuel energy input. Energy losses are free 
heat in flue gas, fuel residues in ash, and incomplete 
gas combustion. 

Downdraft combustion Wood log combustion prin¬ 
ciple where the hot gases are not discharged to the 
top, but the flames instead spread underneath the 
bottom of the combustion chamber or sideway and 
the combustion gases released are channeled into 
a combustion chamber located below or next to the 
fuel filling space. 


Stand-alone furnaces These furnaces (stoves) emit 
their thermal energy to the surrounding space only. 
Updraft combustion Wood log combustion principle 
where the combustion air (primary air) is channeled 
upward through the grate or from the bottom of the 
fire bed and thereby through the whole layer of fuel. 

Definition of the Subject 

The use of wood for the supply of heat in furnace 
systems with small to medium capacity has never really 
gone out of fashion, particularly in rural areas. Espe¬ 
cially in recent years, a virtual renaissance in the use of 
wood for combustion purposes in the most diverse 
range of furnaces can be observed. Driven by continu¬ 
ously growing fuel costs for oil and gas from fossil 
resources as well as by public policy promoting the 
increased use of renewable energies in order to reduce 
greenhouse gas emissions, more and more already 
existing furnaces (mainly stoves) are being used more 
intensively. But also a considerable number of new 
systems are being installed (size of the market for 
small-scale furnaces in EU-27 approx. 3-4 million 
units per annum [3]). In many countries, more than 
half of the solid biomass used for energetic purposes is 
used in small-scale furnace systems with a thermal 
capacity below 1 MW. Small-scale combustion units, 
however, are at the same time one of the main source of 
particulate matter emissions. An improvement in 
existing system technology is therefore an essential 
challenge for the environmentally sustainable use of 
solid biomass in small-scale furnaces. For these reasons 
the present state of technology and current develop¬ 
ments are presented in detail within this paper. 

Introduction 

Solid biomass fuels are used for a variety of reasons and 
different energetic purposes. Biomass is an energy car¬ 
rier with a high potential for the reduction of green¬ 
house gas emissions, compared to fossil fuel energy, 
provided that the biomass is produced in a sustainable 
manner. Biomass is often regionally available or can be 
regionally produced as a source of fuel which can 
contribute to rural development as well as a more 
secure energy supply system. 
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Biomass is used for the supply of electricity, heat, 
and the production of biofuel. The use of solid biomass 
fuels - and wood in particular - for the supply of heat is 
the longest established form of energetic use. Even 
though the supply of electric power generated from 
biomass and the production of biofuels has increased 
considerably in recent years, in most countries of the 
world the majority of solid biofuels is used for the 
supply of thermal energy. Nevertheless some tendencies 
can be noted indicating that the combined generation 
of heat and power will significantly gain in importance, 
also in the lower capacity range. 

Apart from the environmental debate surrounding 
the low-tech combustion of biomass in developing 
countries, emission levels in general and particulate 
matter emissions from biomass-fueled furnace systems 
in particular are also increasingly discussed in indus¬ 
trialized countries. Very low levels of emission have 
already been achieved in the case of large-scale com¬ 
bustion systems with several MW thermal capacity 
through regulatory stipulations and the corresponding 
refitting of plants for the implementation of emissions 
control measures. In contrast to this, there still exists 
considerable room for improvement in the case of 
small-scale systems below 1 MW thermal capacity, in 
particular with regard to stand-alone furnaces and 
biomass-fueled combustion systems. A number of 
countries such as Germany, Austria, and Switzerland 
have already lowered their emission thresholds for this 
segment of combustion plants, and other European 
countries and Federal States in the US are also contem¬ 
plating the imposition of measures aimed at the reduc¬ 
tion of emissions. 

A comparison of emission levels made during 
certification of boiler systems in countries where 
this is a regulatory requirement indicates the gradual 
development toward lower values. This applies not 
only in respect of boiler systems but primarily also 
with regard to the further technological development 
of stand-alone furnaces (stoves). A significant reduc¬ 
tion in the emission of air pollutants can therefore be 
achieved by using correspondingly advanced technol¬ 
ogy. Through investigation of the mechanisms leading 
to the creation of air pollutants and the introduction of 
specific measures for further reduction, clearly targeted 
and controlled progress in technical developments 
already has been and will continue to be achieved. 


In this context, the basic principles for optimizing the 
processes for the combustion of solid biomass in small- 
scale furnace systems are presented below. Following on 
from this, the current state of development regarding 
different systems for combustion is analyzed. Together 
with an accompanying commentary on current levels of 
emission, this paper sets out in closing the perspectives 
concerning potential future developments. 

Technical Approach 

Combustion Requirements 

A major objective should be to accomplish complete 
oxidation during the combustion process. This can be 
achieved by physical separation of the phases of pyro¬ 
lytic decomposition of the fuel and the gasification 
process of the charcoal (coke) on the one side from 
the subsequent combustion of the products from the 
pyrolytic decomposition and gasification on the other 
side. The most important requirements for a complete 
conversion of fuel can be summarized as follows: 

• Pyrolytic decomposition of the biofuel and gasifica¬ 
tion of the remaining carbon to CO, H 2 , CH 4 , C n H m , 
C0 2 , and H 2 0. This is accomplished through: 

- Complete pyrolytic decomposition of the bio¬ 
mass fuel through sufficiently high tempera¬ 
tures throughout the whole cycle of reaction 

- Complete gasification of the carbon through 
good distribution and correct dosage in the 
supply of air (primary air) to the reaction zone 

- As little as possible disturbance to the fire bed 
being caused as a result of the recharging of fuel 
and removal of ashes 

• Oxidation of the products released by the processes 
mentioned above; that is, gas phase oxidation of CO, 
H 2 , CH 4 and C n H m to C0 2 and H 2 0. Complete 
oxidation of the fuel gases released takes place through: 

- Supply of oxidants (secondary air) in excess, 

- Sufficiently long retention time for the fuel gas/ 
air mixture in the reaction zone 

- Sufficiently high combustion temperatures 

- Good amalgamation of fuel gases and combus¬ 
tion air through high turbulences 

- Limited retention time in the secondary com¬ 
bustion chamber, that is, approximation of the 
ideal distribution in a so-called plug flow 
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The requirement concerning the physical separa¬ 
tion of the solid materials conversion process (with 
primary air supply to the fire bed) from the combus¬ 
tion process within the gas phase (with secondary air 
supply to the secondary combustion chamber) is 
therefore an essential prerequisite for a controllable 
combustion process. For this reason both air supply 
streams should be controlled independently. For 
solid biofuels, with their high level of volatile 
compounds, the separation of primary air supply 
and the secondary air supply into a specific combustion 
chamber is therefore an essential requirement for system 
designs. The primary air supply has an impact on com¬ 
bustion power output, whereas secondary air primarily 
serves to ensure a full oxidation of the combustible gases. 

The technical combustion requirements for gas- 
phase oxidation described above are sometimes also 
referred to as the “3-T-Rule” for furnace design 
(time-temperature-turbulence); that is, retention 
time, combustion temperature, and intensity of amal¬ 
gamation represent the essential parameters to be opti¬ 
mized [28]. 

The better the mixture of fuel gases with the com¬ 
bustion air, the lower the amount of excess air 
required at which the furnace can (almost) be oper¬ 
ated without the discharge of noncombusted gases. 
A lower volume of excess air also results in higher 
combustion temperatures; surplus amounts of excess 
air on the other hand would lead to a cooling down of 
the system (and thus slowing down the reaction 
speed). To allow for a low volume of excess air it is 
essential to use slightly moist or wet biomass fuel. 
Because the energy consumed by the evaporation pro¬ 
cess of the water will tend to lead to a lowering of 
temperature levels in the combustion chamber and 
the resulting water vapor will additionally increase 
the volume of flue gases discharged and thereby 
increase further loss of thermal energy from the hot 
zone. At the lowest possible level of excess air, which is 
limited by the overriding objective of minimizing the 
emission of noncombusted elements (i.e., flue gas 
components that could be further oxidized), the 
level of efficiency in the performance of the systems 
would be at the highest [28]. 

In trying to optimize excess air supplies, a high 
combustion temperature can also be maintained by 
avoiding the unnecessary release of heat from the 


combustion chamber. This is usually accomplished 
through the installation of thermal insulation refrac¬ 
tory lining inside the primary and secondary combus¬ 
tion chambers. Insulation materials used for the lining 
of surfaces facing the open fire are, for example, fire 
clay, refractory concrete, lava clay or ceramic fiber 
materials [28]. 

As a general rule for most combustion, a principle 
does apply: The majority of available thermal energy is 
not (already) obtained in the combustion chamber, 
but captured later on from the heated combustion 
gases, in a heat exchanger which is separated from 
the combustion chamber. Early extraction of heat 
may be advantageous when using dry fuels, or in 
special areas of application if, for example, for the 
control of fire bed temperatures a cooling down effect 
by way of specific extraction of available thermal 
energy is desired (e.g., in the case of fuels whose 
ashes tend to slag). In grate-based furnace systems 
for such special fuels, water-cooled grates are used 
sometimes allowing to operate the system without 
excessive primary air being used for cooling purposes. 
In the combustion of dry fuels, the encasement of the 
combustion chamber with water-cooled walls may 
also be used to allow for the controlled extraction of 
heat. 

Additionally, furnaces have to comply with applica¬ 
ble environmental regulatory requirements, whereby - 
also in the case of small-scale systems - secondary 
measures are sometimes introduced (Section on 
“Emission of Boilers”). The key to arriving at a mini¬ 
mal emission of polluting substances during operations 
is primarily to maintain optimal operating conditions; 
this applies in particular with regard to an optimized 
fuel-air-ratio, and the use of appropriate control mech¬ 
anisms is required for this purpose. A complete con¬ 
version of fuel materials does in most cases go hand in 
hand with low-emission values. 

Differences Between Manually and Automatically 
Charged Furnaces 

Combustion technology distinguishes between manu¬ 
ally charged and automatically charged furnaces. 
Hand-charged furnaces are generally considered sys¬ 
tems where fuel is supplied to the combustion chamber 
intermittently. In contrast to this, the fuel supply in 
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automatically charged furnaces is transported contin¬ 
uously into the combustion chamber. Thus the furnace 
is charged as evenly as possible. In the following sec¬ 
tion, the differences in combustion process between 
intermittent and continuous charging are initially 
described in more detail, followed by an introduction 
of the actual systems technology. 

Intermittently charged furnaces demonstrate 
marked variation of the combustion parameters during 
the chronological process of a burn-off. This applies in 
particular for systems without fan (“natural draft fur¬ 
naces”), which represent the majority of stand-alone 
furnaces (section on “Stove (Stand-alone Furnaces)”), 
since the general conditions for combustion between 
the two recharging intervals do change considerably. 

With the loading of every new batch of fuel, the still 
cold and potentially not yet fully dried new fuel, com¬ 
bined with the opening of the charging trap, the fur¬ 
nace will initially cool down. In the case of updraft 
combustion, the space available in the combustion 
chamber decreases during the recharging process 
and subsequently increases again gradually during the 
ensuing continuous combustion process. Therefore, 
this process is also referred to as “batch combustion.” 
With changes in the volume of space available in the 
combustion chamber, the corresponding retention 
times for the combustible gases formed through pyro¬ 
lytic decomposition and gasification also do change in 
many furnace designs. These constantly changing con¬ 
ditions for combustion can be monitored by reference 
to the concentration of the meanwhile generated car¬ 
bon dioxide (C0 2 ) and carbon monoxide (CO) in the 
flue gas (Fig. 1, top) [28]. 

For optimum efficiency in combustion, the air sup¬ 
ply needs to be adjusted during the different phases of 
combustion. The use of a fan system is recommended 
for this purpose. Through suitable features in the 
design of furnace systems an attempt is made, further¬ 
more, to achieve a combustion cycle which is as con¬ 
tinuous as possible, with constant performance and 
low levels of emission. The recharging of fuel and the 
changing volume of space available in the combustion 
chamber should have as little as possible interfering 
impact on this process. A combustion principle in 
which these demands have been met, quite efficiently 
also in the case of hand-charged furnaces, is the so- 
called downdraft combustion. In this system, only the 



Biomass Energy Heat Provision in Modern Small-Scale 
Systems. Figure 1 

Typical patterns of carbon dioxide (C0 2 ) and carbon 
monoxide (CO) concentrations in flue gas during natural 
draft combustion (masonry heater) (Fig. 1, top), a hand- 
charged furnace with fan (log wood-burning furnace, 
updraft combustion without grate) (Fig. 1, middle) and an 
automatically charged furnace (wood chip furnace) (Fig. 1, 
bottom) at operating temperature conditions (heating-up 
phase not illustrated; different scales for CO values in 
separate illustrations) (see [3]) 

lowest layer of the fuel bed takes part in the combustion 
process (section on “Principles and Operating Sys¬ 
tems”). The development of C0 2 and CO concentra¬ 
tions in the flue gases (Fig. 1, middle) show, that 
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a largely stable and consistent level of operating condi¬ 
tions, approaching those of automatically charged fur¬ 
naces, can be achieved based on such a design. 

Automatically charged furnaces will generally be 
fired with fuel easily be formed into batches; such 
a fuel is produced if necessary through shredding or 
pelletizing. Usually these fuels are continuously and 
automatically supplied to the combustion chamber, 
so that the furnace system can be adjusted to 
a constant and largely balanced level of performance. 
Continuity in the supply of fuel allows for an adjust¬ 
ment in the supply of air, specifically adapted to the 
particular amount of fuel fed into the system, with 
temperatures in the combustion chamber, at the 
time, remaining at a constant level [28]. This kind of 
operating mode ultimately leads to steady and low 
levels in the emission of noncombusted compounds 
(Fig. 1, bottom). 

Automatic charging, using loose fill fuel materials, 
also makes it possible to adjust the fuel supply auto¬ 
matically to changing patterns in the demand for 
thermal energy. As a result of this, automatically 
charged systems are also capable of operating at only 
partial load over comparatively long periods (approx. 
30 up to 100% of nominal thermal power output). For 
the bridging of phases with low demand for thermal 
energy buffer heat storages can therefore be scaled 
down or - under certain circumstances - be omitted 
altogether. 

Combustion Principles and Furnace Types 

Manually Charged Wood Furnaces 

Hand-charged furnaces represent the most important 
group of small-scale systems. Therefore the technical 
principles and different types of design for this group of 
systems are described below, in greater detail. 

Principles and Operating Systems Hand-charged 
wood-burning furnaces are fueled at specific intervals - 
according to capacity and filling space - with smaller or 
larger charges of solid biofuel. As a result of this, differ¬ 
ent phases in the combustion cycle do occur and 
distinctions are made between a start-up phase, the 
subsequent phase at operating temperatures and finally 
the phase of combustion of the remaining charcoal. 
Depending on the system (fan assisted or natural draff) 


these phases are quite distinct in their characteristics 
(Fig. 1), and disruptions to continuity in the process 
of combustion may result in the drawbacks referred to 
above (e.g., regulation of the optimal amount of air 
supply). 

Nevertheless, manually charged furnaces must be 
operated at low levels of emission. Apart from opti¬ 
mization of combustion technologies, the correct 
control and management of the system (i.e., preven¬ 
tion of errors in operating the system) as well as use 
of the right fuel type are essential prerequisites (i.e., 
the right choice between untreated, air dried log 
wood or pellets produced from untreated wood 
and without additives). The combustion of pieces 
of particle board remaining from the ordinary pro¬ 
duction process and treated wood, painted or lac¬ 
quered wood, as well as combustible waste material 
(e.g., waste paper, plastic packaging materials) is, 
generally speaking, not allowed for small-scale fur¬ 
nace systems. Such substances lead not only to high 
and extremely toxic emissions and toxic residues, 
but could also reduce the useful lifespan of the 
plant considerably. 

Hand-charged wood-burning furnaces can be dis¬ 
tinguished by the following characteristics: 

• Construction design: stand-alone furnaces, 
enhanced stand-alone systems, and central heating 
boilers 

• Draft systems: natural draft or fan-assisted draft 

• Grate system: furnaces with or without grate 

• Position of grate: shallow combustion or full load 
combustion 

• Combustion principle: updraft combustion with 
grate, updraft combustion without grate, down- 
draft combustion, and/or lateral downdraft 
combustion 

The most important distinguishing features are the 
combustion principles described in more detail below. 
Their use in the different types of system design is 
outlined in the subsequent sections on “Stoves 
(Stand-alone Furnaces),” “Enhanced Stoves,” and 
“Central Heating Boilers.” 

System designs for the different combustion methods 
commonly employed in hand-charged furnaces are illus¬ 
trated in Fig. 2, whereby the two first named systems 
often cannot be clearly distinguished from one another. 
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Biomass Energy Heat Provision in Modern Small-Scale Systems. Figure 2 

Combustion principles for hand-charged wood-burning furnaces (secondary air flow and secondary combustion chamber 
not illustrated here) 


They are therefore not always treated as separate indi¬ 
vidual combustion systems. They are often considered 
as different operating versions of one and the same 
system. Since the concepts for updraft combustion 
with grate and updraft combustion without grate 
have been developed in different areas - that is, for 
coal (updraft combustion with grate) and for wood- 
burning furnaces (updraft combustion without grate) 
- and different plants with correspondingly varying 
features are used in practical application, these two 
combustion principles are covered separately in the 
following sections. 

Updraft combustion with grate. Here the combus¬ 
tion air (primary air) is channeled through the grate or 
from the bottom of the fire bed and thereby through 
the whole layer of fuel. Ignition is handled from below 
and the fire bed develops and spreads over the grate 
underneath the remaining supply of fuel. Through this 
process, the entire amount of fuel is heated up and 
brought simultaneously into a state of reaction 
(Fig. 2, top). This also represents the major drawback 
of this system. Because the adjustment of the amount of 
combustion air supplied to the different levels of com¬ 
bustion gases released proves to be rather difficult. This 
applies especially if fuel is charged in very large batch 
sizes and as a result a separation between the zone of 
the pyrolytic decomposition and the secondary com¬ 
bustion is no longer possible. Therefore these types of 


furnaces are best operated through frequent charging 
with small amounts of fuel, in order to achieve an as 
constant and balanced combustion process as possible. 
However, the conditions for combustion change with 
every charging process (as well as throughout the 
course of the combustion cycle). Therefore, this type 
of combustion - with grate or without grate - is some¬ 
times also referred to as charge combustion. 

Updraft combustion with grate represents the clas¬ 
sic combustion principle for short-flamed coal fuels. 
The proportion of volatile substances (“combustion 
gases”) formed during pyrolytic decomposition is 
comparatively low for coal, whereas the largest propor¬ 
tion of thermal energy produced is due to the oxidation 
of carbon. Similarly, the usually missing clear separa¬ 
tion between the zone of pyrolytic decomposition and 
gasification, as well as the oxidation zone, generally 
turn out to be less disadvantageous in the combustion 
of coal fuels. In spite of the problems outlined above, 
the principle of updraft combustion with grate is, so 
far, used preferably for stand-alone furnaces (especially 
chimney stoves and fireplaces), even when using wood 
fuels (characterized by a high content of volatile sub¬ 
stances). This is also because easy removal of the ashes 
is made possible through the grate and ash box. 
In modern firewood boiler systems, however, the prin¬ 
ciple of updraft combustion with grate is usually no 
longer employed. 
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Updraft combustion without grate. In contrast to 
updraft combustion with grate, the combustion air 
(primary air) in updraft combustion without grate is 
supplied laterally to the fire bed zone (Fig. 2, middle). 
The first charge of fuel is ignited from above, and the 
fire bed is formed in this process during the initial 
phase of combustion. As the flames and hot gases 
emitted during the pyrolytic decomposition can rise 
unhindered, the high operating temperatures required 
in the secondary combustion chamber for complete 
combustion are reached comparatively fast, while the 
fuel supply gradually heats up from the top to the 
bottom. The release of gaseous substances is therefore 
slowed down. The wood supply burns more evenly and 
controlled from the top down to the bottom, that is, the 
same as would be the case in an updraft furnace with 
grate. It would be a disadvantage if the furnace is not 
provided with an appropriate secondary air supply, as 
the space available in the combustion chamber will 
vary with the reduction in the level of fuel supplies, so 
that the retention time for gases (produced by the 
pyrolytic decomposition and the gasification) in the 
secondary combustion process will be continuously 
changing. The longest retention time thus occurs at 
the end of the combustion cycle and not at the start, 
as would be desirable from the perspective of looking to 
achieve an optimum combustion process. 

New fuel - if applied - is placed on the remaining 
fire bed during recharging; and the subsequent com¬ 
bustion cycle is therefore similar to that of updraft 
combustion with grate furnace system. Small volumes 
of fuel and frequent intervals in the recharging of the 
systems are of advantage in updraft combustion with¬ 
out grate, as well. However, since combustion air (pri¬ 
mary air) is channeled over and not through the fire 
bed, excessive rekindling of embers (in the ashes) can 
be avoided. These furnaces are therefore frequently 
designed without grate in order to avoid unwanted 
supply of air. The removal of ashes on the other hand 
can only be performed when the system has cooled 
down. 

The principle of updraft combustion without grate 
is commonly used in stand-alone furnaces (e.g., 
masonry heaters; Fig. 5). As is the case in updraft 
systems without grate, usually no fans for additional 
air supply are installed in updraft furnaces without 
grate (“natural draft operation”). The amount of air 


supply is regulated by adjustments made to the air 
supply inlet and chimney flaps. 

Furnaces using updraft combustion with or with¬ 
out grate rarely exist as “purebred” systems, but are 
usually combined in some form or other. For the use of 
different kinds of fuel (e.g., firewood, wood pellets), 
these types of stand-alone furnaces (e.g., chimney 
stoves) can often be switched from one operation 
mode to another, so that they usually work on the 
basis of updraft combustion with or without grate. In 
such combined furnace systems, coal fuels (e.g., bri¬ 
quettes) are used in updraft combustion with grate 
(predominantly using grate air), whereas for wood 
fuels the combustion air is supplied laterally or from 
above while the grate air supply is locked. But small 
amounts of grate air can also be of advantage in the 
combustion of wood fuels, as they support the com¬ 
plete combustion of charcoal residue. 

Vertical or lateral downdraft combustion. In contrast 
to the two methods of combustion described above are 
heat gases in downdraft combustion not discharged to 
the top, but the flames instead spread underneath the 
bottom of the combustion chamber or sideway 
(“downdraft furnaces”). Consequently, the respective 
lowest layer of fuel takes part in the combustion pro¬ 
cess. The combustion gases released in the area of 
primary air supply are channeled into a combustion 
chamber, located below (“vertical downdraft combus¬ 
tion”) or next (“lateral downdraft combustion”) to the 
fuel filling space, by means of fan supported draft, and 
do reach the stage of complete combustion with the aid 
of secondary air supply (Fig. 2, bottom). In the case of 
lateral downdraft combustion, part of the primary air 
can also enter through a bottom grate, which allows for 
the removal of ashes and furthermore supports com¬ 
plete conversion of charcoal residues. 

The wood placed above the fire bed zone serves as 
a fuel reserve, which will automatically slip lower dur¬ 
ing combustion of the charge, thereby allowing for 
a quasi-continuous recharging with fuel supplies. In 
contrast to updraft combustion systems, with or with¬ 
out grate, the amount of fuel placed in the combustion 
space using the downdraft principle is essentially not 
important. It does, however, have an impact on “oper¬ 
ating comfort,” as the need for constant recharging can 
be eliminated by way of depositing larger amounts of 
fuel supplies in the filling space; the combustion cycle 
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for a charge in this type of firewood furnace, for exam¬ 
ple, can run up to 5 h and more. 

The downdraft combustion principle allows for 
relatively continuous pyrolytic decomposition and gas¬ 
ification of fuel materials. This makes it easier to adjust 
the combustion air flow required for the amount of 
combustion gases released, allowing for good combus¬ 
tion and high levels of efficiency to be reached. 

Due to the advantages outlined above, the down¬ 
draft combustion principle is by far the most com¬ 
monly used system in log wood-fired central heating 
boilers (section on “Central Heating Boilers”). In con¬ 
trast to updraft combustion systems with or without 
grate, however, reinforcement of air supplies through 
the use of a ventilation system (suction or pressure 
blowers) is usually an essential requirement. This is 
one of the reasons - apart from people s esthetic desire 
to be able to watch the flicker of the flames - why the 
principle of downdraft combustion is used only rarely 
in stand-alone furnaces today. 

In plants operating on the basis of the downdraft 
principle, coarse wood chips can generally be used as 
well, apart from log wood. Unlike updraft combustion, 
however, there is the risk of hollow combustion (i.e., 
the formation of “bridges” above the fire bed). This can 
lead to correspondingly higher levels of emission, as 
a result of disruptions in the process of complete 
combustion. 

Table 1 summarizes customary hand-charged fur¬ 
naces, including details concerning typical heating per¬ 
formance, the combustion principle employed and, 
where appropriate, various distinguishing characteris¬ 
tics. The different types of designs listed are described 
below in more detail. 

The hot combustion gas emitted from the combus¬ 
tion chamber is usually referred to as heat gas, given its 
hot state. Following the emission of thermal energy 
into the surrounding space or into the boiler, this 
combustion gas is referred to as flue gas, once it has 
cooled down and is discharged into the environment 
via the chimney (or flue stack). 

Stoves (Stand-alone Furnaces) Due to their design, 
stand-alone furnaces (stoves) emit their thermal energy 
to the surrounding space only. This usually happens 
through the radiation of heat and, to a lesser extent, 
further by way of convection. Stand-alone furnaces 


which belong to this category of design include open 
or closed fireplaces, cast iron stoves, chimney stoves, 
masonry heaters (including masonry convection 
heaters, tiled stoves), as well as wood-burning kitchen 
stoves and pellet stoves (see summary in Table 1). They 
are usually only used occasionally (i.e., as a supplemen¬ 
tary source of heating). 

One can differentiate between separate types of 
stand-alone furnaces by way of a variety of criteria 
(Table 2). For example, they can be grouped into shal¬ 
low combustion and full-load combustion systems. 

• In the case of shallow combustion, only a single 
layer of firewood is loaded in each recharging pro¬ 
cess (in the case of kitchen stoves and central 
heating boilers, shallow combustion is additionally 
defined by the distance between the grate and the 
cooking surface [4, 7]). Shallow combustion sys¬ 
tems include, for example, open and closed fire¬ 
places, chimney stoves, as well as kitchen stoves 
and masonry heaters in cooking mode (summer 
mode, Fig. 8). For these types of furnace systems, 
the typical load of fuel for each charge ranges 
between 2 and 5 kg (for cooking mode even less 
than 2 kg). 

• Full-load furnaces are, in contrast to this, suitable 
for larger fuel charges; this ensures a certain mini¬ 
mum combustion cycle at rated thermal output 
values (“permanent combustion stoves” [5]; for 
example, kitchen and masonry stoves in heating or 
winter mode, or certain types of standard masonry 
heaters). The volume of individual charges in this 
case is likely to be in excess of 5 kg fuel per load. 

Besides this, there are a large number of further 
criteria available to differentiate between systems 
(Table 2). However, they do not always allow a clear 
distinction between different designs. The reason for 
this lies in the diversity of modifications made. Also, 
mixed systems of existing furnace designs are now 
available, which make a clear and definitive assignment 
to one category or another somewhat difficult. As 
a result of this, a variety of names and categories have 
become common use, and a certain degree of ambigu¬ 
ity, in terms of terminology used in the following 
remarks, can therefore not be avoided completely. 

Although versions with exterior air supply do exist 
for almost all categories of design, today stand-alone 
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Biomass Energy Heat Provision in Modern Small-Scale Systems. Table 1 Construction design and characteristics of 
hand-charged wood furnaces 


Type 

Heat power 
output in kW 

Combustion principle 

Characteristics 

Stoves and fireplaces (thermal energy primarily for space of installation - depending on design) 

Open fireplaces 

0-5 

Updraft combustion with/ 
without grate 

With and without hot air circulation, not 
suitable for permanent heating 

Enclosed fireplaces 

5-15 

Updraft combustion with/ 
without grate 

With hot air circulation, display window 

Cast iron stoves 

3-10 

Updraft combustion with/ 
without grate 

Free standing wood furnace charged in the 
domestic/living area where installed 

Chimney stoves 

4-12 

Updraft combustion with/ 
without grate, downdraft 
combustion (rare) 

Same as cast iron stove, with display window 

Masonry ("tiled") 
stoves - slow release 
thermal storage heaters 

3-15 

Updraft combustion with/ 
without grate, downdraft 
combustion (rarely) 

Slow radiation of stored heat over a 10-24 
h period through radiation (masonry heater), or 
with convection air supply (hot air masonry 
heater) 

Kitchen stoves 

3-12 

Updraft combustion with/ 
without grate, downdraft 
combustion 

Heat for cooking (primary use), thermal heat or 
bench heating (secondary uses) 

Pellet stoves 3 

2.5-10 

Cup burner/hearth furnace 
(for wood pellets) 

Automatically charged, controlled fuel and air 
supply (fan), re-charging required approx, 
every 1 -4 days 

Enhanced stoves (thermal energy also for areas other than place of installation - depending on design) 

Central heating kitchen 
stoves 

8-30 

Updraft combustion with/ 
without grate, downdraft 
combustion 

Supply of thermal energy for cooking, central 
heating and hot water supply purposes 

Enhanced masonry 
stoves, fireplaces and 
chimney stoves 

6-20 

Updraft combustion with/ 
without grate 

Water - heating circuit or closed hot air circuit 
(hypocaust heating system) 

Pellet stoves 3 with water 
jackets 

Up to 10 

Cup burner/hearth furnace 
(for wood pellets) 

also suitable as sole source for domestic 
heating (e.g., low-energy construction) 

Central heating boilers (use of thermal energy only outside the place of installation) 

Log wood boiler 

10-250 (max. 
800) 

Downdraft combustion, 
updraft combustion with 
grate (rare) 

Logs up to 1 m in length, natural draft or 
blower supported boilers, thermal storage 
(buffer) required 


a Pellet stoves, in terms of design, would be considered automatically charged furnaces and are therefore reviewed as to characteristics 
and functions in section "Pellet Furnaces"; however, they have been listed in this section since they belong to the category of typical 
stand-alone furnaces/room heaters 


furnaces generally still are operated using air extracted draft are generally to be expected only if - as it could be 

from the room or space where they are installed. Crit- the case for modern building designs with tightly 

ical operating conditions, as a result of air being fitting doors and windows - the otherwise available 

extracted from the room, for systems using chimney “combination of combustion air” (i.e., the overall 
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Biomass Energy Heat Provision in Modern Small-Scale Systems. Table 2 Distinguishing features of independently 
operated stand-alone furnaces (stoves) 


Design/ 

installation 

Assembled (partly using prefabricated components) 
and installed on site by specialist contractors , fixed 
permanently 

Industrially produced complete units , can be moved 

Open/enclosed fireplaces, masonry heaters (with/ 
without grate), tiled stoves 

Cast iron stoves, chimney stoves, pellet stoves, 
kitchen stoves 

Storage 

capacity 

Low to medium 

High ("buffer stoves") 

Open/enclosed fireplaces, cast iron stoves, chimney 
stoves, pellet stoves, masonry heaters (with grate), 
kitchen stoves, enhanced stand-alone furnaces 

Masonry heaters/stoves (without grate), cast iron 
stoves or chimney stoves with large tiled or 
soapstone exterior surfaces 

Charging 

Hand charged 

Automatically charged 

Open/enclosed fireplaces, masonry stoves/ 
convection heaters, cast iron stoves, kitchen stoves 

Pellet stoves, pellet boilers for central heating 

Typical 

operating 

cycles 

Longer operating cycles a 

Usually shorter operating cycles 

Enclosed fireplaces, cast iron stoves, chimney stoves, 
pellet stoves, masonry convection heaters, 
enhanced stand-alone furnaces 

Standard masonry heaters (1 h combustion cycle, 
minimum 12 h release of thermal energy/heat), open 
fireplaces, kitchen stoves 

Supply of 

thermal 

energy 

Primarily radiant heat 

Primarily convection heat transfer 

Standard masonry stoves, cast iron stoves and 
chimney stoves without circulation vents, kitchen 
stoves and pellet stoves 

Masonry convection heaters, chimney stoves with 
circulation vents, stand-alone furnaces with water 
jackets 


a Frequent daily or permanent combustion cycles through repeated charging 


volume of air available from other rooms and spaces 
connected to the room of installation by way of air 
circulation; approximately 4 m of ambient air per kW 
nominal heat power output) should turn out to be 
insufficient [33]. This is most likely to occur in the 
case of open fireplaces, which are operated at high 
levels of excess air. 

However, problems may also occur if low-pressure 
systems are used for the purpose of room ventilation, as 
they can limit and restrict the natural draff of the 
chimney (e.g., kitchen vents, controlled ventilation, 
air-conditioning). In such cases, furnaces without fan 
need to be supplied additionally with external air. 

Open fireplaces. In contrast to all other stand-alone 
furnaces, an open fireplace has a combustion chamber 
which is open on one side (exposed to the room or 
living space where it is installed). The back and partially 
the sidewalls are usually closed by brickwork (Fig. 3). It 
is constructed either using fireclay components or 
prefabricated units (e.g., an iron fireplace insert). 


A controlled and graduated supply of combustion air 
is not possible for this type of furnace design. In order 
to prevent the potential emissions of gases into the 
living space, such furnaces are operated at very high 
levels of excess air. The necessary combustion air sup¬ 
ply is taken from the surrounding living space; in some 
cases, additional external air is supplied through sepa¬ 
rate air ducts. 

In the case of open fireplaces, the often found use 
of a stand-alone furnace as an additional source for 
the provision of heat tends to be only of secondary 
importance; this type of furnace primarily serves to 
improve the esthetic “quality of living.” Thermal 
energy is released principally through heat radiation. 
Due to the significant volume of air, required 
combustion efficiency generally tends to be poor 
(i.e., comparatively high combustion temperatures, 
resulting in low efficiency and a high level of air- 
pollutant emission); and it is for these reasons that 
the use of open fireplaces as a source of permanent 
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Flue gas 



Biomass Energy Heat Provision in Modern Small-Scale 
Systems. Figure 3 

Open fireplace [18] 



heating is prohibited, for example, in Germany. The 
use of open fireplaces, and to some extent of other 
stand-alone furnaces, has therefore been banned in 
many residential areas. 

Enclosed fireplaces. A fireplace insert can be 
equipped with an automatically closing glass door or 
glass screen. Such a system is called enclosed fireplace; 
other customary names used for this type of installa¬ 
tion are “heating place” or “cheminee.” These heating 
inserts comprise a combustion chamber with an ash 
box, a flue gas collector, hot gas ducts, and an exhaust 
hood. In contrast to open fireplaces, these furnace 
designs do have an enclosed combustion chamber 
(Fig. 4, left), and the supply of combustion air can 
thereby be better controlled and regulated. Because of 
this, there will be an increase in room temperature and 
consequently a significant improvement in heating per¬ 
formance and combustion efficiency; and most impor¬ 
tantly, no further increase is caused to air circulation in 
the room. In order to take advantage of these benefits 
existing open fireplaces can be refitted with so-called 
chimney sets. 


Flue gas 



Biomass Energy Heat Provision in Modern Small-Scale Systems. Figure 4 

Working principles of an enclosed fireplace {left) and a chimney stove {right) [32] 
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The thermal energy generated in enclosed fireplaces 
is largely emitted through radiation. Many enclosed 
systems are additionally fitted with convection ducts 
and hot air pipes through which air can be distributed - 
if necessary with the support of a blower system. Thus 
the supply of heating for adjacent rooms is also possible 
(section “Enhanced Stoves”). 

Cast iron stoves. Cast iron stoves differ from open or 
enclosed fireplaces in as much as they are installed free 
standing in the living area; they are usually cast iron 
stand-alone furnaces (also called “iron stoves” 
although different versions with outside mantling of 
tiles or soapstone do exist). The fuel is loaded through 
the upper of usually three doors into the combustion 
chamber, which generally are lined with fireclay bricks 
in the lower combustion areas. Ashes having dropped 
through the grate are caught in the ash box, which can 
be removed for disposal through the lower door. 
Cleaning of the grate can be handled via a further 
door located at the level where the grate is installed. 
For ease of operation, the design of the grate allows 
vibrating (manual operation). 

Free-standing stoves generally work on the basis of 
updraft combustion without grate (see Fig. 2). The 
proportion of air supplied from above can usually be 
regulated through manually operated flaps or dampers, 
so that the amount of excess air serving as secondary air 
supply is predominant. In basic versions of this design, 
combustion is simply controlled or adjusted by way of 
a reduction in overall air supply, or by means of a slide 
damper or rosette installed in the opening designated for 
the removal of ashes. These stoves may also be clad with 
tiles or natural stone, thereby increasing buffer mass and at 
the same time regulating the emission of heat more evenly. 

Chimney stoves. The present day version of the cast 
iron stove is the chimney stove. It can also be installed 
(free standing) in the living area, but is fitted with 
a single airtight closing door with screen (Fig. 4, right). 

The combustion principle corresponds to that of 
the cast iron stove. Grate combustion air (primary air) 
or air from above (secondary air supply) is injected 
according to the type of fuel used in differing propor¬ 
tions. Air supply from above, however, serves as addi¬ 
tional “cleaning air.” Therefore, this air is channeled 
from above alongside the glass screen, in order to 
counteract the potential precipitation of soot or dust 
residues. 


Similar to cast iron stoves, chimney stoves do 
release the majority of their heat via radiation (approx. 
50%), whereby surface temperatures can be as high as 
250° C. In the event that a convection sleeve has been 
installed (air circulation vents) effective radiation may 
drop to as little as 10% of the rated thermal energy 
output [33], whereby the door with glass screen is 
responsible for the remaining proportion of radiation. 
The specific burnout rate for chimney stoves has been 
defined at a maximum value of 4 kW/m [5]. Mass 
per kW heating performance usually ranges between 
13 and 26 and overall loads of 40-80 kg/m heating 
surface have to be allowed for [33]. 

Chimney stoves, similar to fireplaces or cast iron 
stoves, are preferably used during transitional seasonal 
periods or as auxiliary/supplementary heating. 
Recharging intervals are short, since only one layer of 
fuel is loaded - compared to the use of coal briquettes - 
which will combust in a relatively short period. Stoves 
which are exclusively designed for the use of wood are 
therefore considered to be “not suitable for permanent 
operation” [5]. 

Masonry stoves/heaters. The main characteristic of 
masonry slow releasing heaters is the comparatively 
large volume of storage/buffering capacity in relation 
to the amount of thermal energy generated by the 
system. Hot gas is channeled by means of brickwork 
ducts through the buffering mass, which generally con¬ 
sists of cement plaster, tiles, clay, and mortar - and 
fireclay or soapstone. Correspondingly, terms like 
tiled stove, masonry heater, masonry convection 
stove, and soapstone oven are commonly used in 
describing these systems. The surface releasing the 
heat, primarily in the form of thermal radiation, will 
also be comparatively large so that surface tempera¬ 
tures will usually remain relatively low. For a medium- 
size masonry heater, these temperatures will range from 
70° C to 120°C. Depending on thickness of the walls, 
the values for thermal radiation will range from 0.7 
(heavy duty design) to 1.2 kW/m (compact design) 
[33]. Although a variety of industrially prefabricated 
components are used today in the construction of this 
type of stove, it remains a system requiring consider¬ 
able amounts of skilled craftsmanship from a stove 
builder for installation of the brickwork furnace on site. 

The original design for a slow heat-releasing stove is 
the standard masonry heater of brickwork and plaster, 
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with a weight in excess of 11 [8] . Today s designs mostly 
use prefabricated sets for the furnace and heating ducts 
consisting of special design fireclay brickwork and 
metal components (front plate for the stove with filling 
door and openings for air supply, grate insert). 

The standard masonry stove (Fig. 5) works 
according to the principle of updraft combustion with¬ 
out grate principle (Fig. 2). The combustion chamber 
and size of the secondary heating surfaces (hot gas 
tracks) have to be adapted to one another in such 
a way that the temperature of the flue gas emitted 
through the chimney should typically range between 
160°C and 200° C. The storage mass is frequently equiv¬ 
alent to the amount of thermal energy released by one 
single charge of fuel (fired from above), so that no 
additional supply of wood has to (nor should it) be 
placed on top of the gradually reducing fire bed. Due to 
its substantial storage mass, a cold masonry stove heats 
up rather slowly. However, the stove also continues to 
radiate heat long after the embers have died down. 
Standard masonry stoves are therefore less suitable for 
“spontaneous use.” In modern versions it may be pos¬ 
sible to automatically regulate the air supply (e.g., 
through electronic control of the air vents), but due 
to the inertia of the system, these means of control 
remain limited. 


Flue gas 



Biomass Energy Heat Provision in Modern Small-Scale 
Systems. Figure 5 

Working principle of a standard masonry heater with 
lateral brickwork tracts [14] (From KSW Kachelofen GmbH, 
Germany) 


Slow heat-releasing stoves typically also require 
considerable amounts of space. This is why a variety 
of medium- and smaller-size versions are available on 
the market, including, among others, the masonry 
convection heater (“tiled stove”) as well (Fig. 6). 

In comparison to the conventional slow heat¬ 
releasing stove, the warm air convection heater (“tiled 
stove”) usually has less storage mass. This is especially 
true if it is not fitted with brickwork tracts. A cast iron 
heating insert (a so-called tiled-stove insert) is used. 
Around this insert, the brickwork casing (e.g., tiled 
walls) is installed allowing for a specific distance to 
the insert. Open-air ducts are installed at the plinth 
area of the tiled walls, so that cold air from the room 
can flow behind the tilling of the stove, where it is 
heated up, rises, and then leaves the air tract through 
hot air vents installed at the top of the stove. The higher 
the proportion of thermal energy released through this 
convection process, the lower the amount of thermal 
radiation emitted through the tiles. Many masonry 
convection heaters are additionally fitted with 
a secondary heating box made of cast iron, sheet steel, 
or ceramic tiles, which is again enclosed by a back 
ventilated tile casing and which can account for around 
20% of thermal radiation. It often serves also as an 
additional place for the separation of fly ash. 



Biomass Energy Heat Provision in Modern Small-Scale 
Systems. Figure 6 

Working principle of a masonry convection heater ("tiled 
stove") with vertical brickwork tracts [14] 
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A secondary heating box can also be installed in an 
adjacent room, so that the stove heater is turned into 
a multiple-room heating system (section “Enhanced 
Stoves”). 

Masonry convection heaters fitted with brickwork 
tracts, however, can also have a comparatively high 
storage capacity (Fig. 6), so that there is somewhat of 
a moving transition to radiation-based heating sys¬ 
tems. Similar to cast iron and chimney stoves, versions 
with or without grate can be designed. Tiled stoves can 
also be fitted with suction fans and flue gas-regulated 
control of combustion air supplies (microprocessor 
control system). Modern masonry stoves may also be 
fitted with glass screens so that they can offer an 
appearance similar to that of an enclosed fireplace or 
a chimney stove. In certain design types, the combus¬ 
tion air is supplied via an external air duct in order to 
allow for heating operations regardless of room air 
conditions. 

Kitchen stoves. The kitchen stove represents a type 
of design taking in particular care of the needs of such 
communities and households, where the kitchen is the 
center of domestic life. Even though the number of 
newly installed kitchen stoves is meanwhile declining 
considerably, they are still one of the most important 
types of stand-alone furnaces. Kitchen stoves are 
available as industrially produced, complete units, or 


Nozzle Filling Ignition gate Cooking plate 



Secondary Baking tube Flue gas port 

combustion 

chamber 


in the form of more or less prefabricated building-sets 
ready for on-site installation (e.g., tiled kitchen stoves). 

Natural draft-operated kitchen stoves work 
according to different combustion principles. The lat¬ 
est developments use downdraft systems in the form of 
vertical downdraft combustion (Fig. 7). For the 
heating-up stage, an ignition gate is installed which 
opens up a shortcut for the hot gas from the filling 
space (underneath the cooking plate) to the flue 
gas port. During normal operation, the flame is directed 
downward into the secondary combustion chamber 
whereby secondary air is supplied through the nozzle. 
The hot gases flow underneath the cooking plate and 
around the baking tube, and subsequently pass on in 
the form of cooled down flue gas into the chimney. In 
this type of system, the basic principles of efficient 
combustion can generally be taken into account. 

However, the principles of updraft combustion with 
grate or lateral downdraft combustion (Fig. 2) are also 
used quite frequently, whereby in these cases the cooking 
plate is again heated up by the hot gases channeled right 
underneath the stove-top surface; with the aid of flaps, 
a potentially fitted baking tube can be heated as well. 
Some of these stoves can be switched from cooking mode 
to heating mode, changing from updraft combustion 
with grate to the downdraft combustion principle 
(Fig. 8). To ensure that the fire does burn as closely as 


Protection bar Ignition gate Cooking plate 



Biomass Energy Heat Provision in Modern Small-Scale Systems. Figure 7 

Kitchen stove with downdraft combustion [18] 
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Winter mode 


Summer mode 



Flue gas 

Combustion 
chamber 
for summer 
mode 

Tilting grate 


Fire clay 


Biomass Energy Heat Provision in Modern Small-Scale Systems. Figure 8 

Modern central heating furnace with downdraft combustion: (left) winter mode for heating and cooking, (right) summer 
mode for cooking only [18] (From Tiba-Muller AG, Schweiz) 


possible to the cooking plate (in cooking mode) the 
“cooking combustion chamber” is kept shallow 
(“shallow combustion”) through the adjustment of 
the tilting grate to an appropriate height. If the 
stove is to be used for heating during winter, the 
grate is tilted downward, so that the whole of the 
filling space and/or space of the combustion cham¬ 
ber above the second grate, which is located under¬ 
neath, can be utilized. This allows for almost 
doubling the output of heat due to the increased 
amount of heat exchanger surface now available 
(Fig. 8). If the stove is fitted with a grate whose position 
can be changed by means of a lifting device, the switch 
from summer to winter mode can also be made while 
the system is in operation. 

In winter mode, the enlarged filling space often 
allows for the use of larger pieces of wood or logs, 
compared to the restraints imposed by the relatively 
tight combustion space available during “cooking only 
mode.” Most heating stoves do have separate primary 
and secondary air supplies as well as other features, 
albeit limited, for the adjustment of efficiency and 
performance. Combined kitchen/tiled stove versions 
are also available where, with the aid of diversion 
traps, the hot gases are redirected from stove operations 
into masonry heater tracts (including those potentially 
located in adjacent rooms). 


Enhanced Stoves In the transitional area between 
stand-alone furnaces and central heating systems, 
there are a number of hybrid systems and special 
designs available, which have evolved from stand¬ 
alone heaters and stoves. In these systems, only part 
of the available thermal energy generated is released to 
the surrounding space and/or utilized for, for example, 
cooking purposes. By installing an additional water 
heat exchanger, additional heat can be fed into 
a heating circuit and/or can be used for tap water 
heating. If required, thermal energy can also discharged 
by hot air which is directed via special air ducts, either 
directly (in the form of convection heat) or acting as 
a medium for the transfer of thermal energy, to large- 
scale heating surfaces (e.g., back ventilated tiled walls) 
in adjacent rooms (hypocaust and/or air central 
heating systems). These types of enhanced stand¬ 
alone furnaces are described in more detail below. 

Central heating kitchen stoves. A large proportion of 
the wood-burning stoves currently in use do not just 
serve for cooking, baking, and kitchen heating pur¬ 
poses. They also supply hot water for the central 
heating system and for industrial water. In these types 
of central heating furnaces, which are available as 
firewood-burning systems as well as automatically 
charged pellet central heating boilers, part of the com¬ 
bustion chamber is encased by water jackets and 
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additional heat exchangers are installed inside the hot 
gas tracts (Fig. 8). Excessive heat can be utilized for 
heating up of a heat storage acting as a temporary 
buffer. The same marginal conditions, essentially, do 
apply as for hand-charged central heating systems. 

Central heating stoves are either used for full- 
fledged domestic heating systems or as complementary 
furnaces. They have to be able to meet the safety rele¬ 
vant technological norms and standards applicable for 
central heating system boilers. They are therefore fitted, 
for example, with thermal control systems for protec¬ 
tion against overheating. These are mechanical devices, 
controlled by flow temperatures, which will open up 
the drainage system in the water circulation of a safety 
heat exchanger connected to the system once a certain 
level of flow temperature has been reached 
(overheating), in order to discharge any excess thermal 
energy. 

Central heating stoves can reach an overall effi¬ 
ciency rating of at least 65%, and the thermal radiation 
in the space where the unit is installed is not accounted 
for as a loss [4]. Ashes are removed manually. 

Enhanced masonry stoves, fireplaces , and chimney 
stoves. The concept of using water as a medium for 
the transfer of thermal energy for heating purposes 
does predominate in the case of central heating stoves. 
However, special designs incorporating the transfer of 
heat to adjacent rooms (up to a maximum of approx¬ 
imately four rooms) for heating purposes are more 
commonly found in the case of enhanced masonry 
heaters and chimney stoves (Fig. 9). This is accom¬ 
plished either by means of the partly fan-assisted dis¬ 
charge of hot air (from fresh air, mixed air or 
circulating air supplies) or by way of circulating hot 
air in a closed circuit system. The latter is also referred 
to as the hypocaust system, where the circulating hot 
air acts as the medium for heat transfer. Air is heated up 
at the surface of the heating insert’s heat exchanger. 
This hot air is then channeled to one or more hot air 
canals, through the appropriate adjustment of flaps 
installed in the system, ultimately reaching the heating 
surfaces in the relevant rooms. These heating surfaces 
will be finished in the form of special hypocaust tiles, or 
as ceramic surfaces, natural stone, or brickwork with 
plaster and provide the medium for the thermal radi¬ 
ation process. Due to the high level of storage mass, this 
release of thermal energy can happen slowly and evenly 



Biomass Energy Heat Provision in Modern Small-Scale 
Systems. Figure 9 

Working principle of a hypocaust system with masonry 
stove insert [18] (From Brunner GmbH, Eggenfelden) 

over an extended period. Gravity and buoyancy effects 
generally maintain circulation in the system. 

Masonry heaters, fireplaces, and even chimney stoves 
can also be utilized for the supply of hot water and are 
referred to in this context as tiled-stove-heating boilers, 
fireplace boilers or (water) circulating chimney stoves. 
Special water-heat exchange adaptors (“water registers” 
or “water jackets”) can be opened up for the circulation 
of hot flue gases through appropriate adjustment of the 
diversion flaps, as soon as the furnace has reached oper¬ 
ating temperature. This is to release part of the thermal 
energy generated to the liquid medium of the heat 
exchanger. Heating water is heated up by this process. 
This change in operating mode for a masonry stove 
illustrates Fig. 10. The structural design for a water 
circulating chimney stove is illustrated in Fig. 11. 

For chimney stoves, the heat exchanger can also be 
installed in the closed cycle of a hot air circulation 
system. The use of heat buffer storages is advisable, in 
any event. Masonry heater, chimney stove, or fireplace 
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Biomass Energy Heat Provision in Modern Small-Scale Systems. Figure 10 

Masonry stove with water heat exchanger; (left) additional supply of thermal energy for the heating system, (right) supply 
of space heating for the location where the unit is installed [18] (From Brunner GmbH, Eggenfelden) 



Biomass Energy Heat Provision in Modern Small-Scale 
Systems. Figure 11 

Chimney stove with water heat exchanger [18] 

furnace systems with heat exchangers are used up to 
a rated thermal energy output of around 20 kW. 

Pellet stoves with water jackets. Since the automatic 
charging with fuel supplies does allow for a relative 
wide range in the performance of furnaces 


(approximately 30% up to 100% of rated thermal 
power output) the emission of thermal energy from 
pellet stoves can be particularly well adjusted to the 
actual demand for heating in residential buildings. This 
advantage comes to bear especially in the case of sys¬ 
tems using water heat exchangers for the heating up of 
industrial water and water for central heating systems. 
Additionally, these types of furnaces are increasingly 
used as a primary source of heating in buildings with 
low energy design, in combination with other sources 
of renewable energy (e.g., solar heat) or fossil fuels. In 
these cases, between 50% and 85% of discharged ther¬ 
mal energy can be generated through water heat 
exchangers - and at the same time nobody has to 
miss a clearly visible, flickering flame from the fireplace 
in the living area. 

Central Heating Boilers Other than in the case of 
stand-alone furnaces or enhanced stoves, central 
heating boiler are designed to avoid the loss of heat to 
the surrounding space, since the place of installation 
will ordinarily not be in a room which needs to be 
heated and the boiler is unlikely to be needed for 
cooking purposes. Central heating boilers should 
therefore be fitted with water heat exchangers (and in 
exceptional cases with an air heat exchanger) (Fig. 12). 
Furthermore, they should be connected to a hot water 
central heating circuit or air circulation system through 
which the transfer of heat to the heating surfaces in the 
relevant rooms can be regulated. Surface thermal 
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Heat exchanger 



Biomass Energy Heat Provision in Modern Small-Scale Systems. Figure 12 

Log wood boiler with vertical downdraft combustion {left) and lateral downdraft combustion {right) [18] 


radiation emitted by such units has to be considered as 
operational losses and should be minimized through 
the installation of suitable lining and appropriate ther¬ 
mal insulation measures. 

The combustion system used almost exclusively 
today for hand-charged central heating boilers is 
based on the downdraft combustion principle (so- 
called lateral and vertical downdraft furnaces, see 
Fig. 2) [22]. The filling space is usually loaded with 
log wood or, less common, with chopped firewood. At 
a standard thermal energy output rating of 20 to 
approximately 40 kW, the typical supply of fuel would 
measure around 30-50 kg in weight per charge. An 
example of the design for a log wood central heating 
boiler is shown in Fig. 13. 

Combustion air is supplied to the system by way of 
suction or (less common) pressure blowers, so that the 
plant can be operated at either high-pressure or low- 
pressure conditions in the combustion chamber. 
Boilers working exclusively according to the natural 
draff principle are less common today. Systems using 
a blower offer the advantage that the boiler can be 
operated largely independent of the surrounding con¬ 
ditions (i.e., draff conditions in the chimney). Addi¬ 
tionally, a potentially considerable loss in pressure 
inside the combustion chamber can furthermore be 


compensated, if appropriate. Such losses in pressure 
are inevitable if - in order to arrive at a good 
mixture of combustion air and combustible gases - 
correspondingly required turbulences are to be cre¬ 
ated through diminutions or redirection of air and 
gas flows. 

Within thermostatically controlled systems, the 
amount of thermal energy produced by the boiler is 
adjusted according to demand and regulated by the 
water temperature in the boiler (performance control). 
But flue gas-based systems for the control of combus¬ 
tion air are being used increasingly. Here, the status of 
flue gases is monitored with the aid of sensors, in order 
to provide corresponding control variables for 
adjusting the air supply (e.g., excess air indicators, 
CO and C n H m ). This type of flue gas-controlled com¬ 
bustion air management does also lead to improve¬ 
ments in overall operating efficiency [11, 23], so that 
log wood-fueled boilers can reach efficiency levels in 
excess of 90% (in some instances) already today. 

Through the use of firewood as a fuel, boilers can be 
operated under partial load conditions up to 50%. 
However, the installation of a hot water buffer would 
also be advisable, in this instance, in order to compen¬ 
sate for any potential fluctuations in the demand and 
supply of thermal energy. Log wood-fueled boilers are 
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Biomass Energy Heat Provision in Modern Small-Scale Systems. Figure 13 

Example of a log wood central heating boiler working on the basis of the of lateral downdraft combustion principle - 
charged from the top [14] (From HDG Bavaria Kessel- u. Apparatebau GmbH) 


occasionally also combined with automatically charged 
precombustion systems, where the boiler takes over the 
function of secondary combustion and acts as a heat 
exchanger (section “Wood Chip Furnaces”). 

Hand-charged log wood-burning boilers are pre¬ 
dominantly used at ratings up to approximately 50 kW. 
Their performance spectrum, however, ranges from 
10 kW for small-scale domestic boilers (exclusively 
charged with firewood) up to approximately 250 kW 
for plants which are commercially used in wood 
processing industries for the combustion of larger 
pieces of waste wood from industrial production. 
Plants with a capacity of up to 800 kW are less com¬ 
mon, although the principle of downward combustion 
is also used in these types of installation. In furnaces 
operating at such high rates of capacity, it is advisable 
to make use of mechanical aids for the charging of the 
system (e.g., push carts and/or small tractors). 

In order to reduce the comparatively high level of 
effort and labor involved in the preparation of fire¬ 
wood, adapted boilers for the use of “one-meter-logs” 
and rolls are available on the market (above 45 kW 
nominal heat output). This leads to a reduction of the 
effort required for charging of the furnace and prepa¬ 
ration of the wood fuel. 


Some firewood-burning boilers can additionally 
also be operated using heating oil or gas. If an appro¬ 
priate burner has to be hinged or swung in front of the 
wood filling door, the system is referred to as 
a “conversion combustion boiler.” If the switch in fuel 
can be arranged without conversion of the system, it is 
referred to as a “convertible combustion boiler” [6]. 
A special version of the convertible combustion boiler 
is the “dual combustion boiler,” which has two furnace 
systems, completely separated from one another. These 
derivative systems for the combined use of wood and 
fossil fuels are rarely found today, due to stringent 
emission controls and since a further optimization for 
different types of fuel is not really possible any longer. 
Firewood-charged furnaces, however, with a swivel or 
hook-up wood pellet burner allowing for temporary 
automatic operation, are becoming increasingly popu¬ 
lar; and the ease of use, especially during transitional 
periods (due to automatic ignition) or during extended 
periods of absence (by the user), has been increased 
considerably. 

Integration into Residential Energy Systems In 

order to achieve a high degree of combustion efficiency, 
hand-charged solid fuel burning furnaces should be 
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operated at maximum load levels in relation to the 
installed rated thermal energy capacity. Actual utilization 
of maximum capacity, however, will be required for 
a very limited number of heating days only, throughout 
the course of the year. This is the reason why special 
measures are needed to ensure an economically and 
technically efficient integration of the system into the 
overall structure of energy demand, essentially covering 
the following aspects: 

• Selection of a heating system allowing sufficient 
flexibility in the adjustment to respective load 
requirements (“load variation”) 

• Incorporation of a heat storage device (“heat buffer 
storage”) 

• Use of the wood-burning furnace in combination 
with other sources for the generation of thermal 
energy (e.g., solar energy, or even in combination 
with oil and gas-fired systems, using the biomass- 
fueled boiler to cover base load demand) 

The corresponding options are discussed in more 
detail below. 

Load adjustment Automatically charged wood- 
burning furnaces and modern firewood boilers are 
usually available with controls allowing for the auto¬ 
matic adjustment of the amount of thermal energy 
emitted (i.e., output controls). The technically feasible 
nominal load range for firewood-charged boilers (at 
50-100% of rated thermal energy output) is consider¬ 
ably smaller than that for automatically charged fur¬ 
nace systems (approximately 25-100%). Nevertheless, 
load reductions should lie significantly above the stated 
minimum values to prevent increased airborne emis¬ 
sions. These types of load variable furnaces are gener¬ 
ally fitted with a pressure or suction fan adjusted by 
stepwise or infinitely variable control. The performance 
of systems operating exclusively on the basis of natural 
draff, however, can usually not be regulated and they 
should therefore generally be operated at full load. 
Other than with partial load systems, considerably 
larger volumes of surplus heat have to be stored in 
this case on an interim basis. 

Heat storage. As soon as the demand for heat drops 
below the minimum possible level of output achievable 
in continuous operating mode (“lowest possible out¬ 
put of heat”), the furnace has to be switched off auto¬ 
matically through the interruption of the air and/or 


fuel supply system. Surplus thermal energy can alter¬ 
natively be fed into a heat storage tank (“buffer stor¬ 
age”) since water temperatures in the boiler would 
otherwise continue to rise until the safety system of 
the boiler is activated. 

Commonly used heat storage systems are typically 
steel containers (with thermal insulation) through 
which the heat transfer medium is circulated during 
the loading and unloading process. The feed-in system 
in the upper part of the heat storage device is usually 
designed to avoid the development of turbulences, in 
order to ensure that the formation of temperature 
layers can take place evenly and uninterrupted. This is 
achieved, for example, through the use of parallel feed 
lines with deflector baffles (in the case of vertical instal¬ 
lation). Another option is a feed-in flow against the flat 
inside top of the storage tank (lateral connection, 
Fig. 14). A particularly distinct formation of tempera¬ 
ture layers is achieved in so-called layer storage systems, 
where the reverse flow of heating water is fed back into 
the system, by way of an integrated uptake, providing 
for laminar flow back into the different temperature 
zones. High feed-in temperatures at the boiler favor the 
formation of temperature layers and increase storage 
capacity. For the extraction of stored heat, the flow 
direction is reversed or separate discharge or reverse 
flow lines are installed. 

Different types of storage systems are available 
depending on whether the heating up of industrial 
water takes place separately or is integrated into the 
heat storage system and whether it is intended to serve 
multiple functions, including the feed-in of solar heat 
(Fig. 14). In the case of a combined system (i.e., storage 
with integrated industrial water supply), the effective 
storage capacity for the heat circuit is reduced by the 
amount of industrial water feed into the system. Heat 
storage systems are also available in the form of com¬ 
ponent parts (i.e., disassembled) for subsequent on-site 
assembly and installation in inaccessible areas (e.g., 
basements). 

In connection with the hydraulic integration of heat 
storage into the domestic energy supply system, partic¬ 
ular attention should be paid to a properly functioning 
and well-tuned alignment between the biomass fur¬ 
nace, buffer storage and heat distribution system, as 
heat losses can otherwise quickly run up to 10-20% of 
the required available thermal energy. An example of 
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Biomass Energy Heat Provision in Modern Small-Scale Systems. Figure 14 

Different types of thermal energy storage systems [14] 
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Biomass Energy Heat Provision in Modern Small-Scale Systems. Figure 15 

Example of a hydraulic connection system for the storage of thermal energy in a wood-burning heating system [18] 


a proper system is illustrated in Fig. 15. During the 
heating up process, the feed line is “short-circuited” 
with the reverse flow (valve B open, valve A closed) in 
order to reach the required operating temperature 


(usually around 60°C at the boiler’s reverse flow) as 
quickly as possible (“increased reverse flow”). As soon 
as valve A is opened up, hot water can flow into the heat 
circuit and the boiler. If there is no or only very low 
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demand for energy, charging of the storage system 
commences. For this purpose, the heat circuit pump 
reduces the flow in such a way, that the surplus volume 
delivered by the boiler circuit pump is directed into the 
heat storage system. As soon as the delivery of heat 
from the boiler is interrupted (e.g., drop in flue gas 
temperature to below 60° C) both valves close automat¬ 
ically (valves A and B in Fig. 15). Since the boiler circuit 
pump is now switched off, the heat circuit pump can 
reverse the flow direction inside the storage system and 
now extract the heat from the upper section of the 
storage tank. 

The volume of storage capacity required is deter¬ 
mined by several factors, including the following: 

• Capacity range (variable load or boiler operating 

exclusively at full load) 

• Volume of fuel filling space 

• Rated thermal energy output value 

• Temperature variations in the buffer system (feed 

flow/reverse flow) 

• Demands in terms of operating comfort/ease of use 

Furnaces, which can only be operated at their full 
thermal energy output rating, require larger storage 
capacities than variable load furnaces, where the 
amount of surplus heat will be lower because of auto¬ 
matic heat output adjustments. Larger storage capaci¬ 
ties, however, are also required if the system (downdraft 
combustion) has a comparatively large fuel filling space 
(charging chamber) and correspondingly high levels of 
heat energy are produced with each single charge. 

In order to simplify the calculation of storage 
capacity requirements, the rated thermal energy output 
values can also be taken into account, in addition to the 
size of the charging duct. Storage capacities of at least 
around 55 1/kW installed furnace output rating are 
recommended for hand-charged log wood-burning 
boilers; the target value to be aimed at lies at around 
100 1/kW installed [14]. The same applies for load- 
adjusted firewood-charged furnaces (partial load oper¬ 
ation) which should also be operated in or close to the 
upper range of their capacity to achieve optimum 
operating performance at the lowest possible level of 
air pollutant emissions and the highest possible level of 
operating efficiency. 

The heat storage capacity - and correspondingly 
the volume of storage required - also depends on the 


effective difference in buffer and heating circuit feed-in 
temperatures. Discharge from the heat storage system 
consequently terminates as soon as the discharge tem¬ 
perature drops below the heating circuit feed-in tem¬ 
perature. Temperature differences arising between the 
storage (at maximum load) and the heating circuit 
feed-in range from 25 to 50 K, depending on the design 
of the heating system. The available capacity of heat 
storage therefore depends on the heating circuit feed-in 
temperature, and consequently on the heating system 
installed. For low-temperature heating systems (e.g., 
floor or wall heating system), there will consequently 
be more useable heat available in the buffer system, 
than would otherwise be the case in conventional radi¬ 
ator systems [14]. 

Large storage capacities additionally increase oper¬ 
ating comfort since fewer start-ups of the system will be 
required, especially during periods of seasonal transi¬ 
tion. Buffering, however, inevitably results in greater 
heat losses occurring and thus does have an impact on 
the average annual performance of the overall system. 
Storage systems should therefore be preferably installed 
in heated spaces inside the building and/or be equipped 
with effective thermal insulation. 

Combined systems of heat supply. Wood-burning 
furnace systems, generally speaking, do show relative 
high levels of emission and low grades of efficiency 
during summer periods, when they are predominantly 
used for heating up of industrial water supplies. Alter¬ 
native solutions in this context are available, for 
example, by way of a combination with solar systems. 
Then the use of the biomass boiler may not be neces¬ 
sary at all during the summer and to some extent also 
during periods of seasonal transition. In the event of 
such a combined biomass-solar energy system being 
used, attention must be paid, through the installation 
of appropriate technical controls and/or monitoring by 
the user. The biomass-fueled part of the system should 
not block off storage capacity required by the solar 
system, if the same heat storage is to be used by 
both systems. Appropriate intelligent technical con¬ 
trol systems, which would also be able to take into 
account relevant weather forecast, are currently under 
development. 

In providing for peak load demands, especially in 
the case of larger capacities, it may be advantageous 
to scale down the biomass-fueled part of the system. 
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This is in order to allow for a substantial reduction in 
investment costs on the one hand and for a consider¬ 
able extension of the period of time during which the 
biomass boiler can be operated at full load on the other 
hand. Additionally required supplies to cover peak load 
demands can then be met, either by means of a cost- 
efficient oil- or gas-fired boiler (possibly also by way of 
a boiler integrated into the buffer system), or through 
the installation of an electric heating rod in the heat 
storage system. 

Automatically Charged Wood Furnaces 

The demand for efficient and automated operational 
processes, combined with a simultaneous increase in 
the output of thermal energy, has lead to the develop¬ 
ment of automatically charged furnace systems for solid 
biofuels. The basic differences and technical advantages, 
compared to hand-charged furnaces, are discussed in 
section “Differences between Manually and Automati¬ 
cally Charged Furnaces.” Different system technologies 
are introduced in the following sections. 

Automatically charged furnaces are categorized by 
way of reference to the relative speed of flow of fuel 
particles and air supply as fixed-bed, circulating bed, 
and entrained flow combustion systems [ 19] . However, 
only fixed-bed furnaces are generally considered suit¬ 
able for domestic heating systems. According to their 
respective systems of fuel supply, furnaces can be sep¬ 
arated into the following three basic categories: under¬ 
fed burners, horizontally fed burners, and burners with 
drop-down fuel supply systems (Fig. 16). 

In the case of underfed burner systems, the fuel is 
supplied to the burner cup (retort) from underneath by 
means of a feeding screw. Part of the combustion air is 
injected in form of primary air supply into the retort 
where drying, pyrolytic decomposition, and gasifica¬ 
tion of the fuel take place. In order to ensure complete 
oxidation of the combustible gases formed during these 
processes, secondary air supply is mixed with the 
combustible gas prior to entering the secondary com¬ 
bustion chamber. The hot gases subsequently transfer 
their thermal energy to the heat exchanger. Then they 
are ultimately released into the atmosphere as flue gas 
via the chimney system. Fuels to be used in these types 
of underfed furnaces are low-ash, fine-grade wood chip 
with a moisture content of 5-35%. Since comparatively 


high fire bed temperatures are usually reached in this 
process, this particular form of combustion process is 
not really suitable for the use of wood bark or straw 
fuels. The principle of underfed combustion is 
employed in the majority of small-scale furnace sys¬ 
tems designed for the use of wood pellets. 

In horizontally fed burner systems, the fuel is 
charged sideways into the combustion chamber, 
which may be equipped with or without a grate 
(Fig. 16). Small-size wood chip fuel supplies (of relative 
consistent calibration) are usually charged through 
a conveyor screw system. Coarse and unevenly formed 
fuels, such as shredded and/or non-sifted wood or 
wood bark, either require robust screw feeders or can 
be charged with the aid of a piston installation. Fixed 
grate systems are predominantly used for furnaces with 
lower range capacity (<100 kW). Moving grates sys¬ 
tems (e.g., pushing floor or roller grates) are increas¬ 
ingly also used for higher capacity furnaces. 

Pushing floor combustion systems without a grate 
(also known as sliding charge furnaces) are based on an 
operating principle similar to that of an underfed 
burner system. If they are fitted with a water-cooled 
combustion chamber, they are - other than for wood 
chips and wood pellets - also particularly well suited 
for high ash producing fuels and other combustion 
materials liable to the formation of slag (e.g., straw 
fuels, grains). In the case of lateral downdraft furnaces, 
part of the combustion air is injected into the system in 
the form of primary air supply channeled through the 
grate (if installed) via air nozzles inside the burner cup, 
or in the case of pushing floor furnaces, via front-end 
air ducts. Under these circumstances, the primary air 
supply also acts as a cooling agent for the grate, which 
in turn reduces the risk of slag deposits and overheating 
of material occurring during the use of critical fuel 
substances. Secondary air supply is provided either 
above the grate and/or fire bed, or prior to entry into 
the secondary combustion chamber. 

High-density wood pellets are typically used in fur¬ 
naces working with drop down feeding of fuel supplies, 
as well as in underfed burners and (occasionally) grate- 
based furnace systems. Drop-down feeding systems are 
a special design developed specifically for the use of 
wood pellets. They are therefore not suited for the 
handling of wood chip. The pellets are fed into the 
system via a conveyor screw and dropped through 



Biomass Energy Heat Provision in Modern Small-Scale Systems 


405 


Principle Variant 


Underfed 

burners 


Type 


Scheme 


Nominal 
heat power 


Fuels 



>10kW Wood chips, 

(< 2.5 MW) wood pellets 



Fixed grate, 
partly with 
ash scraper 
or tilting grate 



Horizontally 
fed burners 


Grate 

furnace 


Moving 

grate 



Roller 

grate 



Pushing 

floor 

furnace 






> 35 kW 


> 15 kW 
< 60 MW 


>40 kW 
> 450 kW 


>25 kW 
< 800 kW 


Wood chips, 
wood pellets 


Wood chips, 
wood pellets, 
saw dust, bark 


Wood chips, 
wood pellets 


Wood chips, 
wood pellets (>15 kW) 
herbaceous fuels, grain 
(with water cooling) 


With 

grate 



Burners with drop 
down feeding 



grate 


Cup 

burner 


Tunnel 

burner 




Downdraft 

burner 





> 

< 


> 

< 


> 


> 

< 


15 kW 
30 kW 


6 kW 
30 kW 


10 kW 


14 kW 
60 kW 


Wood pellets, 
precision wood chips 


Wood pellets 


Wood pellets 


Wood pellets, 
wood logs, 

wood chips (> 20 kW) 


Biomass Energy Heat Provision in Modern Small-Scale Systems. Figure 16 

Illustration of operating systems for fixed-bed furnaces - according to feeding systems used [14] 


a pipe or shaft from above onto the fire bed located 
either in a removable burner cup, on top of a tilting 
grate, or inside a tunnel (Fig. 16). This is where primary 
and secondary air is injected from underneath or side¬ 
ways through appropriate nozzles (perforations) 
arranged in the shape of a ring. Depending on their 


design, furnaces not using a grate can be separated into 
cup burners, tunnel burners, and vertical downdraft 
burners. In addition, there are a variety of other special 
designs available on the market which can, however, 
generally be traced back to one of the systems described 
above. 
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In horizontally fed furnaces fitted with a grate, 
the pushing floor is the most commonly used 
system, although roller grates are sometimes also found. 
A distinction can furthermore be made between 
horizontal and tilted grates. More detailed information 
concerning these different combustion systems (includ¬ 
ing air supply, feeding of fuel, ash removal, starting 
controls, and circulation of gas) and the integration of 
the relevant combustion chambers into the overall fur¬ 
nace systems, in particular, is presented in the following 
sections and illustrated with selected examples. 

Pellet Furnaces A number of special combustion 
systems do exist for automatically charged pellet¬ 
burning furnaces, taking advantage of the fact that 
pellets can be simply apportioned into the furnace at 
high energy density. Two of these systems are reviewed 
in more detail - drop-down feeding with cup burner 
and drop-down feeding with tilting grate. Additionally, 
the fuel supply system is explained. 

The charging of pellet-fueled furnaces can generally 
be arranged following the same principles and installa¬ 
tion alternatives available for wood chip burning sys¬ 
tems (section “Wood Chip Furnaces”) whereby, here as 
well, the more cost-effective solutions are available in 
the form of inclined floor systems with feeding screws 
or suction fans. 

Pellet boilers are frequently used in combination 
with interim fuel storage containers (often available 
in the form of compact systems). In these cases, a fill- 
level indicator is installed potentially also be able to 
automatically trigger the recharging process. In con¬ 
trast to wood chip burning systems, even winding or 
contorted paths of fuel supply from storage to the 
actual furnace can be accommodated, since pellets are 
suitable even for transportation by screw conveyors 
without axle or pneumatic feeding systems (airflow 
supported conveyance systems). This provides for 
considerably more flexibility in the utilization of avail¬ 
able space. An example for this type of fuel storage 
connection by means of an airflow-supported convey¬ 
ance system is illustrated in Fig. 17. Care needs to 
be taken, that the space where pellets are stored is 
served by sufficient passive ventilation, as a minimum 
requirement. 

Drop-down feeding with cup burner. With the intro¬ 
duction of standardized wood pellets, the range of 


designs for stand-alone furnaces was expanded by the 
addition of the pellet stove (Table 1). The advantages of 
automated charging do come to bear even for the low 
capacity range of systems used for domestic purposes. 
By using pellets with consistent fuel characteristics 
(usually 6 or 8 mm in diameter) and low moisture 
content (< 10%), variations in the combustion process 
are minimized. This is where pellet stoves and chimney 
stoves differ from one another, even though pellet 
stoves may also be fitted with a glass screen for the 
display of the burning fire. Therefore, they are some¬ 
times also referred to as pellet-chimney stoves. 

The fuel is placed into a pellet storage bin located at 
the back of the stove. This storage is usually filled by 
hand in the case of most stand-alone furnaces. Due to 
the high bulk density of wood pellets (ca. 650 kg/m ) 
comparatively large amounts of fuel can be fed into the 
system (approximately 20-50 kg), and depending on 
the operating load status, this supply can last for 1-4 
days. Pellets are moved via a conveyor screw into an 
ascending pipe up to the opening of a dropping shaft 
through which they are fed into the burner cup 
(Fig. 18). During the start-up phase, fuel is ignited in 
the burner cup either by hand (lighter) or more com¬ 
monly with an electric ignition (hot air ignition fan or 
heating element). Details of primary and secondary air 
supplies are illustrated in Fig. 19. A small amount of 
additional air supply is usually injected into the system 
through the dropping shaft in order to reduce the risk 
of backfire occurrence. As is the case for chimney stoves, 
additional fresh air (cleaning air) has to be channeled 
from above along the inside of the glass screen in order 
to prevent the settlement of dust or soot particles, which 
might otherwise impair visual appearances. From 
the perspective of achieving an optimum supply of 
combustion air, however, such “optical measures” 
always bring with them certain disadvantages. This is 
true because the cleansing air cannot be specifically 
used for secondary air supply purposes and, on the 
contrary, may potentially even contribute toward a rise 
in emissions and/or reduction of efficiency by further 
increasing the amount of excess air in the system. But 
in general the pellet stove - not least of all due to 
the fuels high degree of homogeneity - commands 
a leading position in respect of the following two 
parameters: Emissions of carbon monoxide are well 
below the values found in the case of other stand-alone 
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Example of pellet heating installation with pneumatic feeding system [14] (From OkoFen GmbH, Austria) 


furnaces. The performance efficiency can reach levels of 
more than 90% (sections “Combustion Efficiency” and 
“Flue Gas Emissions”). 

Air is supplied by a low-noise (if possible), gradu¬ 
ated or speed-controlled fan system. Air intake is 
arranged by means of a central inlet manifold, so that 
pellet stoves with external air supply can largely be 
operated independently from room air supplies. This 
operating system is especially relevant for controlled 
room ventilation systems. Only small amounts of air 
are still taken from the room of installation (e.g., for 
cooling of the dropping shaft and the provision of 
cleansing air). 

The flame in the furnace is similar in appearance to 
that of a gas fire. The release of thermal energy happens 
partly through radiation, primarily however via con¬ 
vection ducts (Fig. 18). The ashes produced are 
removed by hand from inside the burner cup and the 
ash box. 


Since pellet stoves are load variable, they are also 
well suited for continuous operation mode. They are 
available with capacity ratings up to 10 kW and allow 
for partial load operations at approximately 30% of 
rated thermal energy output values, without any sig¬ 
nificant loss in combustion efficiency. 

Details of typical air supply for a cup burner are 
illustrated in Fig. 19. Primary air is initially channeled 
into the system through nozzles (perforations) in the 
bottom of the burner cup, with the aid of a fan (or draff 
suction), whereas secondary air streams sideways into 
the burner cup above through a ring-shaped arrange¬ 
ment of air nozzles in the wall of the cup. In other 
construction designs, secondary air is injected from 
the side, above the burning fuel or fire bed, through 
a ring-shaped arrangement of air nozzles and then 
mixes with the gases emitted from the fire bed. 

Pellet stoves are also available as elements for the 
refitting of an existing system, similar to the way in 
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Biomass Energy Heat Provision in Modern Small-Scale Systems. Figure 18 

Working principle of a pellet stove with drop down feeding and burner cup [19] (From Wodtke GmbH, Tubingen) [18] 



Biomass Energy Heat Provision in Modern Small-Scale 
Systems. Figure 19 

Air supply system for furnaces using burner cups [18] 

which a natural gas or heating oil burner can be 
mounted onto an existing heating boiler, thereby 
allowing for conversion of a furnace system already in 
place. Such plants can be designed as cup burners or 


alternatively as tunnel burners, where the pellets con¬ 
tinuously trickle from above into a combustion pipe, 
through which the combustion air passes horizontally, 
so that the flame of the burner can enter sideways into 
the combustion chamber at the other end. 

The principle of drop-down feeding can also be 
used for pellet boiler systems. The essential difference 
is the absence of a display window, making it easier to 
optimize conditions within the combustion chamber. 
Combustion principle and air flow system are essen¬ 
tially similar. 

Drop-down feeding with tilting grate. In this type of 
design, pellets are fed into the system via a conveyor screw 
and dropped from above through a dropping pipe or 
dropping shaft onto the fire bed positioned on a tilting 
grate. Then primary and/or secondary air is injected from 
below or sideways through an appropriate ring-shaped 
arrangement of air supply nozzles (Fig. 20). 

In the case of tilting grate systems, the ashes pro¬ 
duced are automatically discharged into the grate ash 
collector located underneath, as and when needed 
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(e.g., every 16 h). In order to ensure that larger ash 
deposits are completely removed from the grate, the 
tilting grate, which is designed in form of a perforated 
plate, is made to collide with a vertical cleaning plate 
(motor driven) inside the space designated for the 
collection of grate ashes. This cleaning plate is fitted 



Biomass Energy Heat Provision in Modern Small-Scale 
Systems. Figure 20 

Working principle of a wood pellet furnace with dropping 
shaft and tilting grate feeding system [18] 


with spikes arranged in a pattern corresponding to 
that of the perforations in the tilting grate. Any still 
glowing embers discharged together with the ashes 
will burn out in the ash box whilst a new supply of 
pellets is ignited on the still hot but cleaned grate. 

Figure 21 provides a representative example of a pel¬ 
let boiler fitted with a combustion chamber designed 
according to the system shown in Fig. 20. This illustra¬ 
tion also shows the fuel container with feeding screw, 
the boiler with the necessary cleaning installations, the 
suction fan and the systems control unit, together with 
control panel. 

Apart from the combustion systems with 
dropping shaft fuel supply described above, underfed 
burners as well as inclined grate furnaces with lateral 
fuel feeder are used in pellet burning appliances 
(starting at approximately 10 kW rated thermal 
energy output). 

Wood Chip Furnaces Underfed and grate based 
combustion systems, in the lower capacity range, are 
generally used for wood chips and wood bark in fur¬ 
nace systems of varying design, which are described in 
more detail below. Additionally, the fuel supply is 
discussed. 
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Biomass Energy Heat Provision in Modern Small-Scale Systems. Figure 21 

Example of a 15 kW pellet boiler with tilting grate and fuel container [1 4, 1 8] (From Guntamatic Heiztechnik GmbH, Austria) 
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Wood chip furnaces do usually have a fully auto¬ 
mated continuous supply system directly connected to 
area where the fuel is stored. This is typically done with 
the aid of a double feeder screw installation, with 
dropping shaft. In these cases, feeder systems are 
equipped with leaf spring agitators, conical screw- 
type conveyors or pushing floors. 

The discharge level of silos for wood chip arranged 
either horizontally or as a tilting level, depending on 
how access for maintenance and repairs to the moving 
parts is to be organized. A number of installation lay¬ 
outs commonly used for silo substructures, with leaf 
spring agitator and conveyor screw, are illustrated in 
Fig. 22. Similar layouts are essentially also possible for 
the other conveyor systems referred to in section “Tech¬ 
nical Approach” . 

Underfed burners. In an underfed furnace system 
(Fig. 23), the fuel supply is delivered to the combustion 
retort from underneath, by means of a screw conveyor. 
Part of the combustion air is also injected into the fuel 


(in form of primary air) through the retort, where the 
drying process, the pyrolytic decomposition, and the 
gasification of the charcoal take place. To ensure that 
the combustible gases are completely oxidized, 
preheated secondary air is usually mixed with the 
released gases, if possible, prior to entering the heated 
secondary combustion chamber. The hot gases subse¬ 
quently flow through the heat exchanger, where they 
release their thermal energy, frequently followed by 
a cyclone separator (in large-scale systems), where par¬ 
ticle matter emissions are usually removed. 

In small-scale underfed furnace systems, wood chips 
with a moisture content of 5-30% can be used as a fuel; 
however, fuel supplies and the control of air flow(s) need 
to be adapted to the relative quality of fuel - particularly 
with regard to the moisture content of the fuel - in 
order to prevent technical failure of the system. A plant 
laid out, for example, for the combustion of wood chip 
with comparatively high moisture content would reach 
too high a level of temperature in the combustion 
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Biomass Energy Heat Provision in Modern Small-Scale Systems. Figure 22 

Examples of wood chip boilers with leaf spring agitator and screw-type feeding system [14] (From Herz Feuerungstechnik 
GmbH, Austria) 
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Biomass Energy Heat Provision in Modern Small-Scale Systems. Figure 23 

Diagram of an underfed burner system [19] 


chamber if charged with dry wood. This would ulti¬ 
mately result in material fatigue and the formation of 
slag residue. For the adjustment of the system to chang¬ 
ing types of fuel, generally, skilled service personnel are 
required. Therefore, it is advisable to maintain 
a consistent fuel quality. 

Figure 23 illustrates the operating principle of a fur¬ 
nace system adapted to the specific combustion prop¬ 
erties and characteristics of biomass fuel. The zone 
where the pyrolytic decomposition and gasification 
takes place in the fire bed is clearly separated from the 
combustion of the volatile gaseous substances, which 
takes place in an appropriately sized secondary combus¬ 
tion chamber. The primary air is injected into the fire 
bed of the combustion retort and regulates the combus¬ 
tion performance. The usually preheated secondary air is 
blown in at the entry to the secondary combustion 
chamber and controls the oxidation and thereby the 
emission of non-combusted substances in the flue gas. 

The mixing of secondary air at the entry point of 
the secondary combustion chamber (Fig. 23) takes 
place due to the impulse of the air entering into the 
system. The secondary combustion chamber is addi¬ 
tionally configured as a flow pipe. Through this type of 
design, specifically adapted to reaction technical 
requirements, optimal rates of reaction can be achieved 
for a given volume. Through corresponding regulation 
of the excess air, the temperature in the secondary 


combustion chamber can additionally be maintained 
at the necessary level. This way the stipulations of the 
“3-T-rule” (section “Combustion Requirements”) are 
well met. 

Underfed burner systems are particularly well 
suited for low ash fuels with low proportions of under¬ 
sized particles, since the feeding by way of a screw 
conveyor requires fine grain and even consistency 
(e.g., wood chip). The principle of underfed burner 
systems is therefore increasingly used for the combus¬ 
tion of wood pellets (e.g., central heating pellet boilers). 
The combustion of bark or straw fuels on the other 
hand is not really sensible, given the high level of ashes 
produced and/or disruptions to the process potentially 
occurring as a result of the formation of slag. 

Horizontally fed burners. Rigid grate systems are 
predominantly used for horizontally fed burners. An 
example for this type of burner is shown in Fig. 24. In 
plants using fuels with a tendency toward the forma¬ 
tion of slag, moving grate systems are also used, 
starting at around 30 kW. In moving grate systems, 
the fuel steadily travels downward on the inclined 
grate, driven by continuous forward and backward 
movement of grate elements. 

The pushing floor furnace (also known as “sliding 
charge furnace”) works similarly to the underfed boiler 
system. If fitted with a water-cooled burner cup (sec¬ 
tion “Furnaces for Herbaceous Fuels”), this system is 

























































































412 


Biomass Energy Heat Provision in Modern Small-Scale Systems 


< i Combustion air 
Flue gas 


Horizontal heat exchanger 
tubes with cleaning screw 


Temperature¬ 

sensor 

X-Sensor 


Control unit 


Feeder screw 


Rotary 

valve 


Stoker screw 


Primary- 
air fan 


Grate Ash- Drive for 

scraper ash scraper 



Automatic 
ash extraxtion 


Biomass Energy Heat Provision in Modern Small-Scale Systems. Figure 24 

Example of a 50 kW wood chip furnace based on the horizontal feed principle with grate and ash scraper [14] (From 
Heizomat Geratebau GmbH, Germany) 


specifically also suited for the use of fuels with a ten¬ 
dency toward slag formation. 

Part of the combustion air is injected in the form of 
primary air by means of air nozzles in the sidewalls or, 
as common for moving grate furnaces, at the front of 
the grate elements. This way the primary air also serves 
as cooling for the grate, which reduces the risk of slag 
deposits and material fatigue during when critical fuels 
are used. 

Secondary air is injected above the grate or the fire 
bed, or prior to entry into the secondary combustion 
chamber. The ashes produced drop into an ash box or 
in some systems removed by hand. In the case of high- 
ash fuels, however, ashes can also be extracted auto¬ 
matically into a larger disposal unit, by way of 
a conveyor screw system (Fig. 24). 

Furnaces for Herbaceous Fuels 

Furnaces for (loose fill) straw and cereal fuels (chaff 
material, pellets, grains) are generally also suited for 
wood chip and wood pellets; however, the reverse is not 
the case. Agrofuels such as straw, grass, whole crop 
cereals, or grains demonstrate numerous disadvantages 
compared to wood fuels, since they require elaborate 


and expensive combustion technologies on the one 
hand and they make compliance with emission con¬ 
trols currently in force in most countries more difficult 
on the other hand. These types of fuel are therefore, in 
practical terms, yet still unimportant, particularly for 
the segment of small-scale furnace systems. 

The disadvantages in combustion properties are 
numerous. The calorific value is only marginally 
lower than that for wood; however, the proportion of 
residual ashes from straw fuels is generally around eight 
to ten times higher than that for wood fuels. In terms of 
nitrogen, potassium, and chlorine content straw and 
grain fuel will again always show significantly higher 
values than wood (Fig. 25). The aforementioned sub¬ 
stances do not only contribute toward the creation of 
airborne emissions, but also have a negative impact on 
corrosion and the formation of slag residues in the 
combustion chamber and on heat exchanger surfaces, 
which is of particular relevance in the context of fur¬ 
nace system design. 

However, the melting properties of the ashes pro¬ 
duced are also important, in terms of technical require¬ 
ments for furnace systems. Here again, ashes from 
wheat straw with a melting point around 1,000°C are 
considerably more critical than ashes from the 
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Biomass Energy Heat Provision in Modern Small-Scale Systems. Figure 25 

Comparative quality characteristics of spruce wood, wheat straw, and triticale kernels (From [13], triticale: wheat and rye 
hybrid) 


combustion of wood (Fig. 25). In the case of cereal 
kernels, caking of ashes and the formation of deposits 
inside the system already do occur at even lower tem¬ 
peratures. Straw- and grain-burning furnaces therefore 
demonstrate different technical characteristics, in 
terms of ashes and slag separation, temperature control 
or the pretreatment of fuels. 

• Systems designed for relatively low-ash fuels (e.g., 
underfed burners) are not suitable for the combus¬ 
tion of straw materials. Retort furnaces equipped 
with ash scrapers or ash pushers, as well as certain 
grate furnace systems, can be used for a broader 
range of fuels and can therefore (to some extent) 
also be used for straw and grain fuels. The drawback 
of the strong tendency toward the formation of slag 
can be counteracted by lowering of combustion 
temperatures in the fire bed area (e.g., through 
cooled grate elements, water-cooled outside sur¬ 
faces for the combustion chamber). The risk of 
separate slag particles forming deposits can also be 
partially reduced through constant movement of 
the fuel and the ashes (e.g., in pushing grate furnace 
systems (section “Wood Chip Furnaces”). 

• In the case of straw fuel furnaces, special attention 
must be paid to the resilience of system components 


against corrosion and wear (particularly in the heat 
exchange area). This is to prevent significant limita¬ 
tions to the useful life of such plants. Such risks can, 
for example, be reduced through the use of stainless 
steel heat exchangers or silicone carbide for the lining 
of the inside of combustion chambers. However, 
there is no real long-term experience available so far. 
The reason for increases in corrosion is often found in 
the significantly higher levels of chlorine produced by 
the combustion of aggressive flue gas substances. But 
the high potassium content as well, which results in 
corrosion promoting deposits on system components 
exposed to flue gases, does contribute to corrosion. 
Compliance with emission control thresholds in the 
combustion of straw materials can often be 
safeguarded only through the installation of elaborate 
secondary flue-gas cleaning systems. Conventional 
cyclones provide close to zero efficiency in the sepa¬ 
ration of especially small “submicron” particles, 
which represent the majority of particulate matter 
emissions. Effective separation is only possible with 
the aid of filtrating separators (e.g., through the use of 
metal netting filters, packed bed filters, cartridge sys¬ 
tems) or through electrostatic separation (electro¬ 
static precipitators, section “Secondary Flue Gas 
Treatment”). Such measures, however, still result in 
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an unacceptable increase in costs for the overall 
system. 

In the combustion of straw fuels, a distinction 
needs to be made between loose fill combustion sys¬ 
tems, using a debaler or already loose, chopped, or 
pellet material, and systems capable of handling 
whole bales as fuel. These types of systems are intro¬ 
duced below. 

Furnaces for Bulk Material In order to solve and 
control the special problems arising from the combus¬ 
tion of straw fuels two different ways are used: the 
adjustment of fuels to the combustion technology, or 
the adaptation of furnace systems to the different types 
of fuel. 

Adjustment of fuels to the combustion system. The 
process of slag formation can be counteracted through 
the addition of additives or the creation of special 
mixtures of biofuels, as the melting properties of ash 
from the combustion of biomass fuels depend on the 
specific composition of the ashes. Based on the present 
state of knowledge, it would appear that the calcium 
and potassium content of the fuel are the crucial fac¬ 
tors. Calcium containing substances, such as caustic 
lime or pulverized limestone in particular, act to 
increase the melting point of ash. Since these are 
noncombustible additives, the amount of ashes to be 
removed from the furnace will increase by approxi¬ 
mately 15-60%, allowing for the usual addition of 
aggregates accounting for approximately 0.5-2.0% of 
overall weight. Special equipment is already available 
on the market for dosage and mixing of these aggre¬ 
gates; and custom-designed solutions are additionally 
employed. 

Adjustment of the combustion system to fuels. The 
process of slag formation in special straw burning fur¬ 
nace systems can be avoided by two measures often 
used in combination: 

• Limitation of combustion temperature in the 
fire bed. 

• Keeping fuel and ashes permanently in a state of 
movement. 

Inflowing primary air already contributes toward 
a reduction of temperatures (“cooling”) in the fire bed. 
However, since the amount of primary air is strictly 


limited by the requirements for an efficient pyrolytic 
decomposition and the gasification of the remaining 
carbon, additional cooling can be achieved through 
regulating the circulation of flue gas in the combustion 
chamber. Reliable cooling, at least for the surface areas 
in small-scale furnaces, however, can only be achieved 
through cooling down (water-cooled) the surfaces in 
the fire bed or combustion chamber (e.g., heat 
exchangers installed underneath the retort in the com¬ 
bustion chamber). In large-scale systems, this can be 
realized through the use of water-cooled grate compo¬ 
nents. However, since the formation of slag deposits - 
without the addition of aggregates - cannot always be 
avoided, it is important that the slag produced does not 
settle and can be easily removed. 

For the removal of large amounts of ashes, an oscil¬ 
lating ash scraper can be used (Fig. 26). Similar to the 
pushing floor system sometimes used in fuel storage 
facilities, the scraper has a wedge-shaped profile 
allowing for the removal of ashes, with the steep edge 
facing forward into the direction of the ash disposal 
system; whereas in reverse motion, the scraper passes 
underneath the resting bed of ashes. Moving grates can 
also be used as an alternative solution (Fig. 27). This 
way it can be avoided, at least partially, that individual 
slag particles start forming deposits in the system. 
These movements lead to the fuel entering the com¬ 
bustion chamber being leveled out in the fire bed, 
through the motions performed by the scraper, grate, 
or ash removal elements, whilst the ashes produced are 
moved to an ash box located in the back. If it significant 
amounts of slag settlement on elements of the combus¬ 
tion chamber cannot be safely avoided, serious disrup¬ 
tions in the supply of combustion air may occur, for 
example, by the clogging of air nozzles. The disadvan¬ 
tages range from severe disruptions to the combustion 
process and damage being caused to the plant, up to 
a complete breakdown of the system or excessive pol¬ 
lutant emissions. 

In order to avoid such disruptions, furnaces, in 
order to be suitable for the combustion of straw fuels, 
do need an efficient automated ash removal system. An 
added factor is that under unfavorable conditions, 
pieces of slag produced may grow to a size, which 
makes the removal by means of a screw conveyor 
impossible, and which would therefore cause a disrup¬ 
tion to operations. The use of additional agitator 
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Biomass Energy Heat Provision in Modern Small-Scale Systems. Figure 26 

Pushing floor burners suitable for straw fuel supplies (here: 49 kW) with water-cooled fire bed (here without automatic ash 
scraper) [25] 




Biomass Energy Heat Provision in Modern Small-Scale Systems. Figure 27 

Pushing floor burners with water cooling system in the fire bed (left) and moving grate burners for straw fuels (right) 


systems may turn out to be necessary (e.g., worm-shaft 
type systems with catches). The removal of ashes, espe¬ 
cially in systems with ratings significantly above 
100 kW, is sometimes also arranged directly into 
a fireproof container, located right underneath the 
combustion area, which can then be easily replaced. 

Furnaces for Whole Bales Furnace systems designed 
for the combustion of whole bales are typically found 
in plants with ratings above 100 kW. These are usually 
continuously charged systems (starting at around 2,000 
kW) or intermittently charged (i.e., consecutively fed) 
smaller furnace systems starting at around 350 kW 
frequently found, for example, in Denmark. In the 


range of rated thermal energy output levels of below 
100 kW, such (bale) systems are only used very rarely. 

Given the dimensions of bales, commonly in use 
today, the charging process is handled mechanically; 
for example, with the aid of front load tractors, 
whereby in the largest of these plant layouts up to 
three big bales (round or square bales) can be charged 
simultaneously into a water-cooled combustion 
chamber. 

In whole bale furnaces - similar to hand-charged 
systems - fuel is combusted in charges, with the char¬ 
acteristic phases of initial combustion of volatiles and 
the subsequent combustion of carbon substances. If 
such plants do operate on the principle of updraft 
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combustion without grate (section “Principles and 
Operating Systems”) the intermittent and as such dif¬ 
ficult to regulate nature of the combustion process is 
particularly pronounced. The advantage of this com¬ 
bustion principle however is, that these systems are 
suitable for a wide range of different sizes and shapes 
of bales. In various markets (e.g., Germany), these 
systems are not available due to their high levels of 
pollutant emission. 

Recently, the principle of downdraft combustion is 
also applied in whole bale furnaces (Fig. 28). This 
involves the selection and subsequent commitment to 
one specific size and shape of bale to be used for 
combustion. The advantage of this combustion princi¬ 
ple, however, is that the progress in combustion is 
considerably more evenly balanced, and therefore eas¬ 
ier to regulate and control. Nevertheless, more or less 
major swings in performance, temperature, excess air, 
and discharge of pollutants (e.g., carbon monoxide) do 
frequently occur in this type of plant during the course 
of combustion. This is a feature that these systems have 
in common with hand-charged wood-burning fur¬ 
naces. That is why whole bale-charged furnaces, if at 
all possible, should always be operating under full-load 
conditions (especially smaller systems); generally these 
systems will require a relatively large volume of heat 


storage (section “Integration into Residential Energy 
Systems”). 

The system design for a smaller whole bale furnace 
system is illustrated in Fig. 28. In order to avoid the 
formation of slag and ash deposits here again - the 
same as in the case of loose fill furnaces for straw 
fuels - the critical factor is the reduction of tempera¬ 
tures in the area were fire bed ashes do occur. Cooling 
of the fire bed therefore is also provided for in these 
systems. It is typically arranged through the installation 
of a water jacket enclosing the combustion chamber. 
The primary air required for combustion is channeled 
horizontally through the straw via air vents, together 
with low-temperature carbonization gases (from pyro¬ 
lytic decomposition) extracted from the upper com¬ 
bustion chamber, to facilitate the combustion of the 
bale located in the lower section of the combustion 
chamber. The secondary air is subsequently supplied 
to the combustion chamber underneath (turbulence 
chamber), similar to the design found in hand-charged 
central heating boiler systems. 

Combustion Efficiency 

When evaluating the efficiency of systems, a distinction 
is made between combustion efficiency and boiler effi¬ 
ciency. In the case of stand-alone furnaces and 


Side view Front view 
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Diagram for round bale furnace (145 kW) for straw-type fuels [14] (From Herlt SonnenEnergieSysteme, Germany) 
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enhanced stoves, only the combustion efficiency is 
specified because the major proportion of available 
thermal energy is released directly into the surrounding 
space, and not via a heat transfer medium. 
A specification of both efficiency ratings is possible 
only in the case of central heating boilers. 

The difference between these two efficiency param¬ 
eters can be illustrated by the typical flow of thermal 
energy in a small-scale boiler system (Fig. 29). In cal¬ 
culating the combustion efficiency, the losses due to 
heat released trough the discharge of flue gas, combus¬ 
tible residues in the ashes and incomplete combustion 
are taken into account. With regard to boiler efficiency, 
losses due to thermal energy released by the surface of 
the boiler still have to be added, so that the boiler 
efficiency rating for small systems will generally tend 
to be approximately 3% lower than the combustion 
efficiency rating. 

The flow chart (Fig. 29) demonstrates that the 
flow of flue gas represents by far largest the 


Fuel energy 



Biomass Energy Heat Provision in Modern Small-Scale 
Systems. Figure 29 

Diagram of typical flows of heat generated by a wood chip 
boiler (50 kW) at rated thermal energy output values [24] 


contributing factor with regard to the loss of thermal 
energy. Active measures for the improvement of effi¬ 
ciency are therefore usually aimed at the reduction in 
flue gas temperatures, whereas improvements in the 
combustion of gas primarily serve to reduce the emis¬ 
sion of pollutants. 

The potential for the lowering of flue gas tempera¬ 
tures, however, is limited. In chimney systems liable to 
be affected by the impact of humidity, temperatures 
below the dew point are to be avoided. This is true to 
prevent the formation of condensate, which could not 
only penetrate the chimney itself, but can also lead to 
permanent damage occurring to the whole structure of 
the building (discoloration of brickwork, sedimenta¬ 
tion) and increased risks of fire (chimney fire). Addi¬ 
tionally, a minimum chimney draft has to be 
maintained for all chimney systems not equipped 
with a fume extractor, through the safeguarding of 
sufficient temperature differences between the flue 
gases and the surrounding environment. 

Efficiency of stand-alone furnace systems. For the 
segment of hand-charged stand-alone furnaces 
(stoves), combustion efficiency ratings between 70% 
and 80% can be expected (Fig. 30). The efficiencies 
for pellet stoves are likely to be considerably above 
these values at a rating of approximately 87%. These 
systems are generally comparable to wood-charged 
central heating boilers (Fig. 31). 

The combustion efficiency values for the different 
systems shown in Fig. 30 only relate to the actual 
furnace itself, as flue gas temperatures are always mea¬ 
sured at the flue gas connecting pipe of the stove and 
not the exit point of the chimney. If the system, how¬ 
ever, is equipped with a long chimney tract, leading 
through rooms to be heated, a further cooling down of 
flue gases is likely to take place. The actual amount of 
useful heat released would therefore be higher, so that 
the efficiency rating for the overall system, indeed 
ought to be set higher. 

In type testing performed on furnace test benches 
todays stand-alone furnaces (stoves) often achieve 
higher efficiencies, especially since most modern 
stand-alone furnaces, meanwhile, do have to be able 
to meet the specific requirements of quality labels (e.g., 
DINpi U s in Germany). For manually charged stand¬ 
alone furnaces it can, nevertheless, be expected that 
the actual efficiencies achieved in practical day-to-day 
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Biomass Energy Heat Provision in Modern Small-Scale 
Systems. Figure 30 

Grades of combustion technology-related performance 
for stand-alone wood-burning furnaces at rated thermal 
energy output values [12] 



Biomass Energy Heat Provision in Modern Small-Scale 
Systems. Figure 31 

Efficiency rating of central heating wood boilers at rated 
thermal energy output values; result of 10-year evaluation 
of tests over the period from 1996 to 2006 [12] 


operations will tend to be somewhat lower than those 
stated in Fig. 30. Efficient operation of these systems 
depend to a large degree on the way the system is 
operated by the user; potential errors in operation 
(e.g., too high a level of excess air, use of still moist 
wood fuels, overloading of the combustion chamber, 
too large or too small pieces of wood) will have 
a particularly negative impact on performance. These 
types of errors, however, can generally be avoided if the 
relevant instructions contained in the operating man¬ 
ual are followed. 

The above-mentioned impact of the way in which 
the system is operated by the user hardly does come to 
bear in the case of pellet stoves. Since they involve the 
handling of a uniform standardized fuel material, 
which additionally can largely also be fed automatically 
into the system, without user involvement, the effi¬ 
ciency rates shown can also be readily used in practice. 

Efficiency of central heating systems. In the case of 
central heating wood boilers, the combustion efficiency 
ratings are generally not used as a relevant indicator. Here 
the boiler efficiency rating is considered, where the per¬ 
formance values are approximately 2-4% lower (Fig. 31). 
However, almost without exception all values are around 
a level in excess of 85%; in the case of the most recent 
boiler designs almost all exceed even the 90% threshold. 
The simplest way of achieving this result is with pellet 
central heating boilers, whose ratings tend to be around 
2-3% above those for all other types of wood-burning 
central heating systems. Generally speaking, the variations 
in efficiency between the different designs and perfor¬ 
mance categories for any of these systems are rather small. 

In the case of the rates of boiler efficiency stated 
above, the amount of thermal energy released to the 
surrounding space of the boiler (e.g., radiation) is, by 
definition, not accounted for as a loss. However, if there 
is a certain amount of heating required in the space of 
installation, the overall amount of useful output of 
heat, from the perspective of the user, is increased. 
The same applies in respect of the cooling down of 
flue gases in the chimney tract. 

Development of degrees of efficiency. In recent years, 
further technological developments for wood-burning 
central heating systems have taken place clearly dem¬ 
onstrated by boiler efficiency ratings. They have 
improved since the start of the 1980s until the present 
by approximately 30% (Fig. 32). 
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Any significant further increases in rates of effi¬ 
ciency are therefore likely to be achieved only through 
the introduction of additional condensation heat 
exchangers. That way flue gases emitted by a wood- 
burning furnace could be cooled down below the dew 
point and thermal usage of the latent heat fuel would be 
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Biomass Energy Heat Provision in Modern Small-Scale 
Systems. Figure 32 

Development of boiler efficiency for hand- and 
automatically charged wood-burning furnaces at lower 
capacity ranges since 1980 - results from different boiler- 
type tests at rated and partial thermal energy output 
performance [12] (From BLT Wieselburg) 


increased considerably. This process, which already is 
standard practice for most natural gas-fired burners 
(“condensing boiler technology”), could lead to system 
performance ratings in excess of 100% (based on the 
lower calorific value H u , Fig. 33). In the field of biomass 
fuelling, this effect has so far been used only in the case 
of larger wood-fired heating plants. But meanwhile this 
technology has also become available for use in domes¬ 
tic central heating systems. Without any additional 
consumption of fuel, an increase in performance (and 
in efficiency) of 18% on average can be achieved. 
Through the buildup of condensation, particles could 
be washed out of the flue gas reducing the overall level 
of air pollutants emitted by the system. In the case of 
wood fuels, the level of dust separation would reach 
around 20-40%, depending on the moisture content of 
the fuel and reverse flow temperatures of the heating 
cycle [16, 17]. 

In practical applications of the condensing boiler 
technology, it will be necessary to find appropriate ways 
of making use of low-temperature thermal yields 
(e.g., in low-energy building design with underfloor 
heating). However, for many users (e.g., old buildings) 
such conditions do not apply. Opportunities for the 
economic utilization of the condensing boiler technol¬ 
ogy are therefore likely to exist primarily in connection 
with the installation of new heating systems in new 
buildings, and in respect of pellet boiler systems, 
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Energy flow diagram for condensation operation. Data given as percentage of total fuel energy input (100%) based on 
lower calorific value [15] 
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where a relative expensive fuel could be saved through 
an increase in efficiency. 

Combustion efficiency versus annual efficiency. The 
quality of combustion technology, as such, can be quite 
well defined by reference to its level of combustion or 
boiler efficiency. But the actual annual operating effi¬ 
ciency of the system is the decisive factor for the user 
and his annual requirement of fuel supply. This is 
determined by the user s annual demand for heating 
in relation to the amount of fuel required for this 
purpose. Annual operational rates of efficiency for 
biomass-fueled furnace systems can range from 70% 
to 85%, depending on the combustion technology, 
capacity design, supply requirements, size of buffering, 
and system of controls (Fig. 34). Thus, the optimiza¬ 
tion of the overall system is essential, also in the case of 
biomass-fueled furnaces, in order to achieve a high 
overall efficiency. 

Flue Gas Emissions 

Below, the emission of pollutants from biomass-fueled 
furnaces is described depending on the types of design, 
fuels used, combustion processes, and charging sys¬ 
tems. The review is restricted to the limited number 


of essential pollutants, which are primarily the carbon 
monoxide components (CO) and particulate matter 
emissions, as well as emissions of NO x and volatile 
organic hydrocarbons. For the latter, controls are not 
always mandatory for small-scale systems and therefore 
these parameters are recorded less frequently. Addi¬ 
tionally, flue gas treatment technologies are discussed. 

Emissions of Stoves 

In the case of stand-alone furnace systems (chimney 
stoves, masonry/tiled stoves and standard masonry 
heaters, pellet stoves, etc.) the levels of emission are 
generally not regularly recorded, given the dispropor¬ 
tionately high effort that would otherwise be involved. 
For this reason, the results of type certifications have 
frequently been used in the evaluation (e.g., from mea¬ 
surements for the quality label). Such type certification 
procedures, however, are rarely performed under 
real-life conditions, so that the gathering of reliable 
data concerning the typical operating performance of 
a stand-alone furnace is only possible through the 
performance of special trial runs, with test results 
being recorded throughout the whole of the combus¬ 
tion cycle. Such measurements are usually taken from 
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Biomass Energy Heat Provision in Modern Small-Scale Systems. Figure 34 

Assessment of annual efficiencies of various wood pellet boiler installations in Germany (wood pellets and electrical 
auxiliary power as energy input) [21] 
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official public sector commissioned studies (e.g. 
[9, 12]). The results from such studies show, that aver¬ 
age emissions of carbon monoxide, in the case of hand- 
charged stand-alone furnaces, might stand at a level of 
around 1,500-5,000 mg/Nm , whereby permanently 
installed furnaces (e.g., masonry tiled stoves) show 
the most favorable results. A clear exception to this 
are pellet stoves, which only show one tenth to one 
twentieth of the emissions recorded for firewood 
charged stoves. The advantages of pellet stoves become 
even more clearly visible in relation to volatile organic 
carbon compounds, commonly also simply referred to 
as hydrocarbons. The differences in combustion follow 
the order in the level of CO emissions. 

This does not, however, automatically apply with 
regard to the overall level of emissions, since, in addi¬ 
tion to factors such as complete combustion, other 
processes also do have an impact on the emission of 
fine particles. High proportions of soot and tar, high 
flow speeds, and system internal zones with settlement 
of dust particles are responsible for different kinds of 
variations. The marginally higher emission of particle 
dust by chimney stoves could also be the result of 
several processes, which might increase emissions, tak¬ 
ing place simultaneously. The emission levels of NO x in 
contrast, are primarily determined by the nitrogen 
content of the fuel while the impact of combustion 
technology is rather insignificant in the case of small- 
scale systems. 

Emissions of Boilers 

In the case of wood-charged central heating boilers, 
a considerably lower level of emissions is generally 
found compared to the levels reached in hand-charged 
stand-alone furnaces. This does apply in particular in 
respect of pollutants such as CO, total organic carbon, 
and partly also for emissions of particulate matter. 

CO emissions. The CO emissions of a firewood- 
charged boiler are, as a rule, around one tenth of the 
values recorded for a stove charged with firewood 
(Fig. 36), even though both furnaces are charged in 
the same way. The range of measured values, however, 
still remains rather broad, which is due to the wide 
variety of different types of construction designs (nat¬ 
ural draft systems, fan-assisted combustion, lambda- 
controlled systems). Firewood-charged boilers, with 


flue gas-regulated supply of combustion air, will typi¬ 
cally mark the lower end of the spectrum in terms of 
CO measurements, which will range here on average 
between 80 and 250 mg/Nm 3 . 

A shift from manual to automatic charging will 
result in significant improvements in the quality of 
combustion, which is reflected by the overall levels of 
CO and total organic carbon emissions; whereby the 
difference between wood-chipfueled and pellet-fueled 
systems is, in parts, relatively small. In practice, how¬ 
ever, greater advantages can be expected from pellet 
boilers, since pellets constitute a source of fuel charac¬ 
terized by continuously high combustion efficiency 
(uniform, standardized type of fuel); whereas in the 
case of wood chips, significant differences in quality 
frequently do occur, with clear variations from the kind 
of fuel used during combustion-related technical test¬ 
ing. Measurements taken in field testing therefore often 
produce significantly differing results from the average 
type testing values shown here [26]. 

By way of reference to the relevant levels of CO 
emissions, the technological development over recent 
years can be seen quite clearly, and since the beginning 
of the 1980s they have contributed toward a clear 
reduction in the emissions of pollutants. This is 
supported by the evaluation of the results of the type 
certifications already referred to above (Fig. 35). Con¬ 
current to these improvements in the efficiency, boiler 
systems for furnaces have been accomplished (section 
“Combustion Efficiency”). 

Volatile organic carbon compounds. Similar to the 
developments in CO emissions, a reduction in the 
emissions of volatile organic carbon compounds (i.e., 
TOC - total organic carbon or C n H m ) from larger 
systems, with higher nominal thermal energy outputs, 
can be noticed (Fig. 36). The same applies for the load- 
related performance of furnace systems, that is, the 
level of CO and TOC emissions (Fig. 36) does increase 
significantly, as soon as the system is operated at 
reduced loads (i.e., in partial load mode) or even at 
minimum thermal output rating. 

Emission of particulate matter. The connection 
established in terms of efficiency, between levels of 
CO and TOC (total carbon) emissions and the rela¬ 
tive performance and/or operating loads of systems, 
does not apply in relation to the emission of particu¬ 
late matter. These emissions are instead determined 
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Biomass Energy Heat Provision in Modern Small-Scale 
Systems. Figure 35 

Development of CO emissions for hand- and automatically 
charged wood-burning furnaces at lower capacity ranges 
since 1980 - results from different boiler-type tests at 
nominal and partial thermal energy output performance 
[12] (From BLT Wieselburg, Austria) 

by other factors, such as movements in the fire bed, 
the contents of aerosol-producing substances in the 
fuel and the existence of potential zones of settlement 
and/or formation of deposits. Wood chip furnaces 
will tend to develop higher levels in the overall par¬ 
ticulate matter emissions, compared to hand-charged 
firewood boilers, where the fire bed will ordinarily 
remain undisturbed. This kind of undisturbed fire 
bed is frequently also found in pellet-fueled systems, 
if these are designed in the way of drop-down fur¬ 
naces, where the area of the fire bed is hardly affected 
by potential mechanical disruptions. Pellets further¬ 
more do represent a comparatively low-ash-forming 
fuel. 

In the case of residential biomass-fueled furnace 
systems, it can be assumed that the predominant 
proportion of particulate matter will occur in the 
particle size range of below 1 pm (Fig. 37) [2, 9, 25]. 
All measures aiming at a reduction in the overall 
emission of particulate matter will simultaneously 
also represent a measure for the reduction of fine 
particle emissions. 

The possibilities for the achievement of addi¬ 
tional reductions in the overall emission of partic¬ 
ulate matter (and thereby of very fine particles), 


through specifically targeted further development 
of solid fuel combustion technologies (combustion 
geometries, air supply, other controls) have yet not 
been exhausted. Specially adapted control of air 
flows, for example, together with low levels of excess 
air (particularly within the vicinity of the fire bed) 
could help to achieve significantly more positive 
effects in the reduction of air pollutants emissions 
[30]. It should be possible to transfer the knowledge 
and experience gained in the introduction of such 
primary measures to small-scale furnace systems as 
well. 

An additional factor is that, currently, science and 
industry both work on the development and testing 
of cost-efficient dust separation technologies as 
secondary measures. Conventional cyclones today, 
however, offer close to zero levels of efficiency in 
the separation of “submicron” particles (<1 pm), 
which do represent the major proportion of solid 
fuel emissions (Fig. 37). Current research therefore 
focuses primarily on the development of new filter¬ 
ing and electrostatic separation devices (e.g., metal 
netting filters, electrostatic precipitators, packed bed 
filters). Long-term operating experience with filtra¬ 
tion systems for stoves or residential heating boilers, 
ready for series production, however, is rather 
scarce. 

Even secondary heat exchangers, designed for the 
condensation of flue gases, do have a certain impact 
on the reduction of particulate matter emissions. 
These secondary heat exchangers are meanwhile 
commercially available on the open market for resi¬ 
dential furnaces. In the case of wood chip combus¬ 
tion, the reported degrees of particulate matter 
separation are in the range of 20-40%, depending 
on the reverse flow temperatures of the heating 
system [13]. 

NO x emissions. In most countries, there are gen¬ 
erally no regulatory thresholds applicable to the 
emission of NO x from wood furnaces in the small 
scale. Reference values specified by the German 
“Clean Air Act” (TA Luft) or by the thresholds of the 
German emission directive ( l.BImSchV) could for 
example be complied with, without any problems, 
since untreated wood would generally be 
a comparatively low-nitrogen source of fuel. This 
applies in particular with regard to wood pellets, 
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Biomass Energy Heat Provision in Modern Small-Scale Systems. Figure 36 

Air pollutant emissions from wood-burning central heating systems - results from different boiler type tests for the 
10-year period from 1996 to 2006 [12] 


which are usually produced using sawmill waste wood, 
and would therefore probably tend to show an even 
lower level of NO x emissions, at nominal thermal 
energy output, than indicated in Fig. 36. This is partic¬ 
ularly true since the systems would not be operated 
permanently at full output capacity. In contrast to the 
CO and TOC (total carbon) emissions scenarios, 
as outlined above, a reduction in the combustion 


temperatures, at reduced loads, actually does result in 
a reduction of NO x emissions. 

Secondary Flue Gas Treatment 

In the course of the debate concerning the reduction of 
particulate matter emissions from biomass furnaces, 
a need for action has been identified, in particular, 
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Wood chip boiler 50 kW 
(Overall particle emission: ca. 40 mg/Nm 3 ) 


>10 pm 



Pellet boiler 25 kW 

(Overall particle emission: ca. 25 mg/Nm 3 ) 



Biomass Energy Heat Provision in Modern Small-Scale Systems. Figure 37 

Representative results for the measurement of flue gas particle size distribution, resulting from the combustion of 
wood chip and wood pellets in residential central heating systems; measurements at nominal thermal energy 
output values [12] 


with regard to stand-alone furnaces which so far do not 
have any dust removal systems installed in their flue gas 
systems. It can be expected that secondary separation 
systems will increasingly be used in future, especially in 
connection with the refitting of existing stand-alone 
furnaces (stoves). A number of different separation 
technologies can generally be employed in this context 
and their respective working principles and areas of 
application are described in the following sections. 

Centrifugal collectors. Single-cyclone and multiple- 
cyclone separators, which remove dusts from the flue 
gas by way of centrifugal force, are standard fittings for 
wood chip furnaces in the medium capacity range. 
They demonstrate good performance ratings in the 
separation of particles with more than 1 pm diameter. 
Their performance, however, in the separation of the 
fine particle fractions does decrease drastically, so that 
they are not suitable for small-scale heating systems 
whose emissions consist almost exclusively of fine par¬ 
ticle dust. 

Filtration collectors. The use of fabric filters (also 
known as bag house filters) in plants of less than 1 MW 
capacity is established practice. For small-scale systems 
starting at 30 kW capacity there are now some initial 
developments underway concerning the use of metal 
netting materials as well as cartridges for filtration 
purposes. A problem, at present, remains how to 


clean the filters without suffering a rapid increase in 
the loss of pressure, which would make a continuous 
operation without the support of additional blowers 
impossible. 

Electrostatic precipitators. In the design of electro¬ 
static precipitators (ESP) for stand-alone furnaces, 
a thin electrode (e.g., stainless steel wire) can, for 
example, be installed in the middle of a metal flue 
pipe (Fig. 38) and be connected to a high voltage 
supply (up to 30,000 V). The high voltage leads to 
the dust particles being charged and subsequently 
deposited on the inside of the metallic flue pipe, 
which acts as a collecting electrode. The layer of 
particulate matter created this way on the inside of 
the flue duct needs to be removed from time to 
time [31]. 

With the use of these types of separators (in field 
tests), the overall level of emission of particulate matter 
(including fine particles) could be reduced by 43-66%. 
In measurements taken under test bench conditions, 
levels in the reduction of emission of up to 80% have 
been achieved [9, 10, 20]. 

In other versions of this type of dust collector, 
several systems working in parallel are combined into 
a separate compact filtration unit, which can then also 
be cleaned periodically by means of a mechanical 
shaker system and a removable tray for ash residues. 
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Raw gas 



Biomass Energy Heat Provision in Modern Small-Scale 
Systems. Figure 38 

System diagram of an electrostatic precipitator (single¬ 
duct electrostatic filter) for stand-alone furnaces [27] 

This type of dust collector is intended for use in small- 
scale wood boilers. 

A common feature of all electrostatic separator sys¬ 
tems is, that the area for the power supply of the spray 
electrode wire is ventilated by way of a small blower to 
prevent a short-circuit (i.e., disruptive discharge) 

caused in the duct through the potential settlement of 
particles. These types of multiple-duct electrostatic 
precipitator systems can achieve performance levels of 
up to 95% in separating efficiency [9, 17]. 

Electrostatic precipitators belong to the technically 
most advanced solutions currently available for small- 
scale furnace systems. Their theoretical operating per¬ 
formance, however, largely depends on three critical 
factors as demonstrated by Eq. 1: 

i I" /.v 

Vg = 1 -exp -Veffm^r (!) 

where 

V is the volume of flue gas streams 

A ne is the separation surface of the collecting 
electrode. 

v e ff is the flow speed which depends inter alia on 
particle size, particle load, temperature, pressure, and 
composition of the gas. 

Tests with different combustion technologies using 
different materials of fuel from renewable energy 


sources have shown that electrostatic precipitators 
need to be adapted to the performance of the combus¬ 
tion system and to the fuel to be used, in order to be 
able to achieve constantly high and sustainable levels of 
separation efficiency. 

An additional complicating factor is that the com¬ 
position of the particulate matter in the course of the 
combustion process is constantly changing. During the 
initial combustion cycle, because of low temperatures, 
and usually too high a supply of oxygen, significant 
proportions of tar and condensable hydrocarbons are 
produced. In the course of the actual main combustion 
cycle, similar to the case of automatically charged fur¬ 
naces, sulfides are formed, as well as increasing 
amounts of black carbon, because of insufficient supply 
of combustion air during the subsequent carbon com¬ 
bustion process. 

The three categories of particulate matter can be 
differentiated by their respective properties of conduc¬ 
tivity. The tar and condensable hydrocarbon substances 
show low conductivity and therefore produce an insu¬ 
lating layer on the electrodes following the separation 
process. The soot particles do posses such favorable 
conductive properties. They can be separated quite 
easily, and at the same time can be removed again 
from duct surfaces, where they have agglomerated in 
the form of coarser dust, so that reductions in the 
volume of mass are only limited. Only sulfides with 
a medium level of conductivity do demonstrate good 
separation and adhesion properties in relation to the 
collecting electrodes, allowing for efficient separation 
and discharge [29]. In order to prevent the otherwise 
particularly problematic buildup of tar and hydrocar¬ 
bon deposits on electrode surfaces, many separation 
systems are bypassed during the initial stages of 
combustion. 

Wet scrubbers and condensation systems. These can 
basically be divided into four different types of scrub¬ 
bing technologies (Fig. 39). 

All four methods demonstrate certain deficits in 
terms of separation efficiency. In the case of gas streams 
passing through the scrubbing liquid, for example, 
separation efficiency depends largely on the size of gas 
bubbles (Fig. 39, left). In the case of net-coated surfaces 
being sprayed, the gas channel needs to be kept as flat as 
possible, in order to ensure a certain level of contact 
required in this process (Fig. 39, middle - left). The gas 
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Biomass Energy Heat Provision in Modern Small-Scale Systems. Figure 39 

Separation principles used in wet scrubbers 


stream directed over liquid surfaces essentially follows 
the principle of inertia, although only with a limited 
degree of efficiency in the case of fine particles (Fig. 39, 
middle - right). The method of injection of droplets 
into to the gas stream, in terms of separation efficiency, 
also largely depends on the size and density of the 
droplets (Fig. 39, right). 

One feature common to all four scrubbing princi¬ 
ples is the additional amount of effort and expendi¬ 
ture required for the handling of the scrubbing liquid. 
In the first place, it needs to be supplied and pumped 
to the location where the separation process is to 
take place, and subsequently it has to be discharged, 
processed, and disposed after the separation process. 
Complete separation of dust-loaded droplets from the 
cleaned stream of gases is generally rather difficult to 
achieve. 

Apart from the use of pure water, alternative scrub¬ 
bing liquids and additives to scrubbing water are being 
tested. Special care needs to be taken so that substances 
likely to facilitate the absorbance of organic flue gas 
components are not liable to evaporate or ignite at the 
level of temperatures likely to occur in the separation 
process. 


Whereas the development of a pure scrubbing sys¬ 
tem is currently still underway, a number of treatment 
systems have been developed and are close to being 
introduced to the market, whereby the partial separa¬ 
tion of fine particles is achieved by way of flue gas 
condensation. The corresponding levels of separation 
efficiency presently still stand at around 20-40%. How¬ 
ever, the primary benefits of this technology lie in the 
recovery of thermal energy from the water vapor 
contained in flue gas emissions (see section “Combus¬ 
tion Efficiency”). 

At present, there is no uniform European regulatory 
framework governing the discharge of condensates 
produced by this process and regional regulations, in 
this respect, therefore need to be observed. 

Through a combination of condensation and 
scrubbing technology levels in purification, efficiency 
in excess of 50% can potentially be achieved in future. 
With the benefits derived from the simultaneous recov¬ 
ery of thermal energy, these systems could also repre¬ 
sent an economically feasible alternative to ensure that 
even very low thresholds for particulate matter, which 
may potentially be set for wood furnaces, could still be 
met in day-to-day operations. 
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Catalytic converters. In practical terms, however, the 
methods for secondary flue gas treatment described 
above generally have no impact on the reduction of 
gaseous emissions. Catalytic reduction could be an 
effective process to be employed in this context and 
a number of different systems for use of this technology 
are currently under development. 

The difficulty for biomass-fueled combustion sys¬ 
tems in this respect is that in addition to the gaseous 
substances resulting from incomplete combustion, 
significant particle emissions may be produced (con¬ 
densed hydrocarbon compounds and black carbon), 
as well as dusts (not containing carbon compounds) 
resulting from ash forming substances contained in 
the biomass fuel. Whereas the gaseous components 
and to some extent also carbon-containing particles 
can be removed quite efficiently with the aid of 
catalytic converters, there is a risk that in the case 
of particulate matter not containing any carbon 
damage may be caused to the surfaces of the catalytic 
converter, or that caking may occur. Even with the 
installation of suitable cleaning systems, the risk of 
the catalytic layers wearing off cannot be excluded. It 
is therefore necessary to develop suitable catalysts 
and carrier materials, adaptable to the relevant 
ranges in temperature, while at the same time the 
long-term resilience of catalytic converters needs to 
be improved. The importance of catalytic separators 
also being used for the reduction of particulate mat¬ 
ter emissions is further demonstrated by the results 
of current studies, according to which gaseous hydro¬ 
carbon emissions do significantly contribute to the 
overall level of fine particle emission through the 
creation of secondary aerosols [1]. 

Overall, it can be expected that in the coming 
years, integrated separators for small-scale furnace 
systems as well as separators suitable for the refitting 
of existing plants will be available on the market at 
reasonable prices. In the course of this process sepa¬ 
rator, technology and design will be adapted to the 
requirements of the relevant combustion systems and 
the respective types of fuel used, also in order to 
achieve a high degree of separation efficiency during 
continuous operations. For furnaces charged with 
biomass fuel it is likely, that the possibilities for 
both primary as well as secondary reduction in emis¬ 
sions will be exploited, in order to be able to meet 


the particularly stringent emission thresholds already 
imposed in a number of countries. 

Future Direction 

Based on the current state of technology, as outlined 
above, one can expect that the admissible levels of emis¬ 
sions - in particular with regard to fine particles - will 
continue to be lowered in future. Countries with existing 
emissions control regulations are in the process of severely 
tightening the relevant threshold values, or have recently 
done so already. In countries without corresponding reg¬ 
ulations for small-scale furnaces, the imposition of 
threshold levels, or at least the introduction of benchmark 
values in the context of national standards, is currently 
under consideration. Europe-wide targets for particulate 
matter emissions could also be introduced under the 
recently revised Ecodesign Directive of the European 
Union. 

Upper limits for particulate matter air pollution 
have already been defined under the EU Directive on 
Ambient Air Quality currently in force (Directive 2008 
[50]EC). However, these limits are already being 
infringed, as a matter of course, in many densely pop¬ 
ulated, highly industrialized regions. Past attempts to 
regulate traffic pollution have rarely resulted in notice¬ 
able reductions. At the same time, studies investigating 
the sources of emissions have clearly identified the 
significance of wood-burning furnaces in this context. 
Based on this, it would seem to be merely a question of 
time until (at regional levels) the targeted reduction of 
particulate matter emissions from wood combustion 
will be enforced through regional anti-air pollution 
action plans. The reduction of dust and nitrogen mon¬ 
oxide emissions from biomass-charged furnaces must 
therefore be further pursued, as a matter of urgency. 

Complete combustion. The aim must be to achieve 
complete combustion for all furnace systems and oper¬ 
ating conditions. For automatically charged furnaces 
this can be achieved, at reasonable costs, by means of 
suitable systems which, apart from oxygen levels in the 
air, also control temperatures in the combustion cham¬ 
ber and, if appropriate, the level of CO/C n H m emis¬ 
sions. However, this is generally unlikely to be the case 
for hand-charged, stand-alone furnaces with predom¬ 
inantly discontinuous combustion characteristic. For 
these systems, the use of sensors, electronically 
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controlled flaps, and motor-driven fans will become 
inevitable in future, even if today the traders still 
claim that, according to alleged customer demand, 
these types of furnaces are to be installed without 
electricity supply. In order to further reduce the impact 
of the recharging process, the downdraft combustion 
principle may establish itself as a promising alternative 
approach for these systems. In the case of chimney 
stoves, for example, the actual combustion chamber 
could be fitted with a glass screen to allow for the visual 
appreciation of flickering flames in the fire (chimney 
stove based on the design of a firewood-burning boiler 
with downdraft combustion). 

Through the simultaneous achievement of signifi¬ 
cant improvements in combustion efficiency, the oth¬ 
erwise, in part, extremely high levels of emission of 
highly toxic polycyclic aromatic hydrocarbons (PAH), 
as well as large proportions of the constituent sub¬ 
stances leading to the formation of secondary particles, 
would be substantially reduced. In this context, the use 
of catalytic converters could also serve to ensure low 
levels of emission in the event of short-term disrup¬ 
tions occurring in the combustion cycle. 

Low emission furnaces. Assuming an otherwise 
largely complete stage of combustion, biomass-fueled 
furnaces will initially produce inevitable emissions of 
nitric oxide and fine particles, due to the nitrogen 
monoxide-forming and ash-forming substances 
contained in the fuel. Nevertheless, the goal must be 
to lower emissions to a level approaching that of oil and 
gas-fired systems. It is therefore also necessary to fur¬ 
ther improve the quality of fuels used in small-scale 
furnace systems. Current moves toward standardiza¬ 
tion provide product norms to be introduced for wood 
pellets, miscanthus pellets, straw pellets, and reed 
canary grass pellets, as well as other types of fuel. 
Through the selective addition of appropriate aggre¬ 
gates, it should furthermore be possible, in future, to 
make appropriate adjustments for regional and sea¬ 
sonal variations in the relative proportions of trace 
elements. 

In future, furnaces will generally have to show 
stable systems of separation between the pyrolytic 
decomposition and gasification zone as well as the 
zone of the full oxidation of the produced gaseous 
products. In order to be able to control output 


performance and/or cope with fluctuating combus¬ 
tion characteristics of the fuel used, methods need to 
be developed to adjust residence times and tempera¬ 
ture levels, by means of the selective supply of air, even 
under rigid geometry conditions. The amount of pri¬ 
mary air supply and fire bed temperature levels should 
be easily controllable and a suitable exhaust gas 
recirculation system may be required. The preheated 
secondary air supply has to be injected in such a way, 
that a thorough mixture and combination, even with 
hot combustion gases, can be achieved. Sensor tech¬ 
nology and controls will be an essential prerequisite 
for optimal flow conditions and temperature profiles. 
For the reduction of NO x emissions, a low-oxygen, 
high-temperature zone (approx. 1,000°C) could poten¬ 
tially be interposed between the primary zone and the 
combustion chamber. 

The release of non-carbon-forming particles can be 
substantially reduced through measures such as opti¬ 
mal composition of fuels (agricultural biomass), low 
oxygen content, and low temperatures in the primary 
reaction zone. It should be possible to achieve future 
levels of particulate matter emissions below 5 mg/Nm 
and NO x emissions of less than 100 mg/Nm, without 
any traceable amounts of hydrocarbon and with CO 
emissions near the detection limits. This can be 
supported through the use of integrated dust collection 
zones and, if appropriate, integrated or downstream 
fine particle separator systems. 

In conjunction with an improvement in combus¬ 
tion performance and flue gas condensation, there will 
also be an improvement in the level of efficiency of the 
combustion system. Flue system fans, also if used for 
stand-alone furnaces, do allow for a noticeable reduc¬ 
tion in flue gas temperatures and therefore a significant 
reduction in flue gas losses. Chimney systems, there¬ 
fore, in the future, should be moisture resistant, since 
the risks of potential occurrence of condensation in the 
flue system can no longer be safely excluded. 

Optimization of systems. Beside improvements to be 
made to the actual furnaces, optimization of the overall 
systems is likely to gain importance. In order to be able 
to achieve low levels of emission and a high level of 
annual efficiency, boiler systems will need to be adapted 
specifically to the relevant buildings, existing heaters 
(e.g., solar thermal installations), and the particular 
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user behavior. Apart from the control systems, which 
need to be taken into consideration in this context, the 
user also has to be involved interactively, in the sense of 
managing supply and demand, byway of consumption 
meters as well as displays indicating the available sup¬ 
ply of renewable thermal energy stored in the buffer 
system (smart metering). 

Alternative concepts need to be explored in order to 
reduce the heat storage losses during boiler shutdown 
periods. Thermal insulation to some extent might also 
be further improved in this context. Possible savings 
resulting from these measures, however, could poten¬ 
tially still be exceeded through the use of latent heat 
storage units and/or minimization of storage volumes. 
Allowing for a continuing decrease in space-specific 
heating requirements, it seems to be possible that 
through the use of sensitive demand forecasting tools, 
industrial water storage, and large-scale storage capac¬ 
ities in buildings (activated floors/ceilings), signifi¬ 
cantly smaller and more compact biomass-fueled 
furnaces could be installed. Smaller designs would 
allow for faster passing through the start-up and shut¬ 
down phases, which produce high levels of emission, 
and at the same time noticeably reduce losses from the 
cooling down process. This would significantly con¬ 
tribute toward a reduction in emissions, if an increase 
in the number of starting phases could be prevented by 
way of an intelligent control. 

Operational safety. Excessive levels of emissions 
from stand-alone furnaces and potential disruptions 
of the combustion cycle, as well as hazards caused by 
users otherwise, can be minimized through the 
increased use of flue gas sensors and other system 
control mechanisms. The installation of CO and/or 
C n H m sensors in small-scale furnace systems, in com¬ 
bination with the appropriate electronic controls, will 
always prompt the release of a warning signal. This is 
true if, for example, the level of humidity of the fuel 
being charged is likely to cause a disruption to the 
combustion cycle, with the resulting emission of haz¬ 
ardous concentrations in terms of air pollutants. In 
such cases, for example, the installation of suction 
fans could ensure that no potentially hazardous or 
air-pollutant substances do enter into the living space, 
particularly when the door to the stove is opened for 
recharging. 


Conclusions 

Modern small-scale systems for the supply of heat 
using solid biomass fuels, and wood in particular, 
have already reached high standards of quality in 
terms of combustion efficiency. Further improvements, 
however, in combustion and furnace technology, 
including secondary measures for the reduction of 
emissions, are essential in order to be able to also 
meet increasing future demands in respect of the 
reduction of particulate matter and NO x emissions, as 
well as allowing for the increased use of biomass fuels, 
without corresponding increases in the emission of 
polluting substances. This is technically feasible. Thus 
the objective must be in the medium to long term not 
to exceed the levels reached with present day oil- and 
gas-based combustion technologies. Stand-alone com¬ 
bustion plants, at least, should in the long term not be 
allowed to operate without an efficient active air con¬ 
trol systems. Present priorities concern improvements 
in the integration of stoves and boilers into the overall 
heat supply systems of buildings. In the medium term, 
the simultaneous and combined supply of heat and 
power, as well as the potential supply of cooling systems 
during summer temperature conditions, is likely to 
gain increasingly in importance. 
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Glossary 

Cogeneration Cogeneration (combined heat and 
power - CHP) describes the use of one source of 
energy in a plant for the simultaneous supply of 
heat and electric power. 

Plant operating mode The operating mode of CHP 
plant can be divided into two categories. Heat- 
controlled operation means an operation of the 
plant according to the thermal energy demand of 
the heat consumer. In contrast, power-controlled 
operation is determined by the demand for electric¬ 
ity or a maximum power generation. The heat that 
cannot be used is stored for later usage or is dis¬ 
posed by a cooler. 

Small-scale cogeneration unit So far, there is no gen¬ 
erally applicable definition of the power range of 
small-scale CHP plants. In the context of this entry, 
small-scale or micro CHP plants are Cogeneration 
units with a maximum electric output capacity of 
50 kW. 

Status of development Four categories of develop¬ 
ment stages for cogeneration applications can be 
defined. Research and Development describes the 
stage of new technologies under laboratory condi¬ 
tions. Plants in Demonstration exist as prototypes of 
their later commercial versions and are subject to 
field-testing with regard to their suitability for 


everyday use. Further optimization is under inves¬ 
tigation. In case of positive field-testing follows the 
phase of Commercialization. The first produced 
plants (often also referred to as pilot series) are 
introduced to the market. Once a plant or technol¬ 
ogy has been established on the market and has 
been accepted by the users one refers to Market 
Diffusion. 

Definition of the Subject 

Combined heat and power (CHP) generation is one of 
the essential pillar in a modern, sustainable, and envi¬ 
ronmentally friendly energy generation. This is due to 
the fact that cogeneration systems are energetically 
efficient and produce energy where it is needed. There 
major advantages include a substantially increased fuel 
efficiency, reduced emissions of C0 2 , reduced need for 
transmission and distribution networks, and a benefi¬ 
cial use of local energy resources (e.g., through the use 
of waste and biomass). 

At present, only approximately 10% of the global 
electricity generation is done by CHP. Exceptions are 
some European countries, like Denmark and Finland, 
which have successfully expanded the use of CHP up to 
30-50% of total power generation during the last years 
(see Fig. 1) [1]. 

Given that the majority of the CHP plants mostly 
are driven by fossil fuels (see Fig. 2), it is obvious that 
the global relevance for biomass-driven combined heat 
and power generation is still at an extremely low level. 
In 2007, approximately 5.5% of total energy consump¬ 
tion by end users in the EU, Turkey, and Norway was 
covered by wood and wood chips, approximately 8% of 
heating requirements in private households was 
covered by solid biomass and very few of both in 
CHP [2, 3]. With a growing world population and 
increasing economic development in the emerging 
markets biomass, on the background of climate pro¬ 
tection targets, will continue to gain importance world¬ 
wide. Due to limited resources, a more efficient use of 
the potentials available will become of increasing sig¬ 
nificance in this context. 

The supply of heating to private households and the 
commercial sector by using biomass has gained 
increasing importance for a number of years. In this 
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CHP share of the national power production [1] 
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Biomass Energy Small-Scale Combined Heat and Power Systems. Figure 2 

Fuel input in CHP by country (selection) [4] 


field, the demand for and interest in CHP units has also 
grown significantly, whereby the majority of the already 
installed micro CHP units are still operating with fossil 
fuels. For using biomass within small-scale CHP sys¬ 
tems, it is therefore of fundamental importance that 
appropriate cogeneration plants become available on 
the market. 

This entry therefore provides an overview of the 
global importance of biomass micro cogeneration 
and the established technological approaches in 


cogeneration on the basis of solid, liquid, or gaseous 
biofuels in the range below an electric capacity of 
50 kW, subsequently describes selected concepts in 
their current stage of development (laboratory, dem¬ 
onstration, market introduction, and market ability) 
and delineates the suitability of biomass-driven micro 
cogeneration for different areas of application. The 
presented options are compared and perspectives for 
future developments are highlighted, also taking into 
consideration new approaches in technology. 
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The Global Importance of Micro Cogeneration 

Below some examples for the global importance of 
cogeneration in general are given. 

Europe 

The landscape of power plants in Europe is currently 
undergoing a process of change. Reasons for this can be 
found in the general political environment (e.g., regu¬ 
lation of the energy markets, national and inter¬ 
national climate protection targets), in the expected 
development of the use of renewable energies, and in 
the expected massive shutdown of fossil fuel power 
plants exceeding their technical life time in the years 
to come. The resulting demand for power replacement 
of up to 14,000 MW in respect of the power plants 
scheduled to go off the grid for example in Germany 
by 2020 [5] does represent a major opportunity for the 
introduction of new technologies. 

There are a number of facts determining the devel¬ 
opment of power demand from private households, 
small enterprises, and public sector institutions during 
the next decade. Whereas the utilities expect a contin¬ 
uous growth in the consumption of electricity, due 
to climate protection reasons the Ministries and the 
politics assume a decrease in electricity consumption, 
whereby the greatest potential for this is seen in the 
industrial sector. There are no noticeable savings 
expected for private households. If the experiences 


from the past are transformed to the future, a further 
increasing electricity demand is more likely than 
a decreasing demand. 

In addition to that, energy-saving measures are 
more and more implemented within the heating sector 
through a much better insulation. As a consequence it 
can be expected that the specific heat demand will 
continue to decrease in future. For example, the Lead 
Scenario 2009 commissioned by the German Ministry 
for the Environment predicts a reduction in average 
heating requirements within the residential housing 
sector in Germany by 2020 of approximately 80% 
referring to the present level taking into account that 
the average specific living space will grow by around 
10% within the same time period (Fig. 3). 

Northern America 

The establishment of (micro) cogeneration systems on 
the northern American market is more difficult than it 
is on the European market. In 2001, the US Environ¬ 
mental Protection Agency (EPA) has established the 
combined heat and power partnership. The CHP part¬ 
nership promotes CHP by creating and fostering coop¬ 
erative relationships with the CHP industry, state and 
local governments, and other relevant stakeholders. 
From 2001 to 2009, the program had supported more 
than 460 projects, representing a total electrical capac¬ 
ity of 4,850 MW [7]. 
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Development of the heated area and the specific thermal energy consumption for existing residential buildings 
exemplarily for Germany [6] 
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A significant increase of the micro cogeneration is 
hampered, among others, by the following reasons [8]. 
In northern America, the distribution of the heat is 
often done by systems using air, rather than water. 
The exhaust heat of micro cogeneration systems com¬ 
monly is recovered in water-filled cooling cycles. There¬ 
fore, an additional step is needed to transfer the heat 
from the hot-water to the air distribution systems. 
Furthermore, the cost of hot-air heating systems (e.g., 
stoves) is commonly much lower than the cost of 
water-filled heating systems (e.g., boiler). This means 
that the difference between a micro combined heat and 
power generation system and a heat generation system 
is much higher than, for example, in Europe. Another 
important point is the low energy price in many north¬ 
ern American regions, which makes it harder for micro 
cogeneration systems to operate with a clear economic 
advantage. Despite these reasons, there is a great 
demand for micro CHP systems being able to work in 
isolated operation mode. 

Japan 

The Japanese government has supported ambitious 
energy targets to reduce the dependency on imports 
of fossil fuels and to address climate change. As a 
result, the installed cogeneration capacity has increased 
substantially over the last 20 years. In 2009, over 
9,200 MW el of installed CHP (see Fig. 4) provided 
around 4% of the country’s electricity generation. The 


major cogeneration technologies used in Japan are gas 
turbines, diesel engines, and gas engines. 

Industrial cogeneration installation represents 
approximately 80% of the installed electrical capacity. 
The remaining 20% are commercial and domestic CHP 
applications. Typical installations are in hospitals, 
hotels, office buildings, and sport facilities. The electri¬ 
cal capacity of available micro cogeneration systems is 
typically smaller than 10 kW. One important unit is the 
gas-engine micro CHP unit Ecowill, with an electrical 
capacity of 1 kW and a thermal capacity of around 
2.8 kW. In 2010, the worldwide and cumulative sales 
of the Ecowill have passed the 100,000 mark. The 
majority of the units were sold in Japan. This has 
meant that Japan is the world leader in the develop¬ 
ment and implementation of micro cogeneration tech¬ 
nologies at the domestic household level. Japan is also 
a step ahead of developing Fuel Cells, seeing the market 
launch of Fuel Cells in 2011-2012. 

Conversion Technologies for Small-Scale Heat 
and Power Systems 

In the following, the main technologies for small-scale 
cogeneration on the basis of solid, liquid, or gaseous 
biofuels are presented. 

The listing starts with piston-cylinder devices (e.g., 
internal combustion engines, steam piston engines, 
and Stirling engines) as they are the best developed 
systems for small-scale cogeneration in general, 
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Accumulation of installed cogeneration electrical capacity in MWel in Japan, from 1985 to 2008 [9] 
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Operation principle of an internal combustion engine (a) Air-fuel mixture is drawn in; (b) Air-fuel mixture is compressed; (c) 
Explosion forces piston down; (d) Piston pushes out exhaust 


followed by technologies generating electricity using 
turbines (e.g., steam turbine, hot-air turbines, and 
micro gas turbines) and concludes with fuel cells and 
thermoelectric generators. 

Internal Combustion Engine 

Due to the longstanding experience with engines oper¬ 
ating with Diesel, gasoline, or Methane, as well as fossil 
fuel powered CHP plants, internal combustion engines 
represent the most proven technology for the cogene¬ 
ration of heat and power. In a combustion engine the 
fuel is compressed and then ignited. The subsequent 
expansion sets the power piston in motion and brings 
the engine shaft into rotation. A generator converts the 
mechanical energy of the engine shaft into electric 
energy (see Fig. 5). 

Engine-driven CHP plants with electrical capacities 
ranging from a few kW up to several MW are available 
and established on the market. The levels of electrical 
efficiency thereby range from 25% to 40% and the own 
internal electricity consumption requirements range 
between 5% and 10% of the output. From an engine 
perspective, the quality of the liquid or gaseous fuel is 
the essential criteria for selection. Due to the high level 
of noise emission, appropriate sound-insulation mea¬ 
sures are necessary. The maintenance requirement for 
combustion engines lies significantly below that for 
comparable (micro) gas turbines. The investment 
costs per installed electrical capacity for combustion 


engines in the low-capacity segment range from 1,000 
to 2,000 €/kW. 

Due to the internal combustion, only liquid or 
gaseous biofuels can be used directly. The use of solid 
biofuels requires a pre-step gasification. Currently, the 
majority of biomass micro cogeneration plants avail¬ 
able on the market are internal combustion engines 
operating with biogas (Fig. 6). The major advantages 
of internal combustion engines are the long history, 
large production and service infrastructure, and the 
generally lower power generation costs. Nevertheless, 
despite these advances most biogas combustion 
engines are sited on farms and landfill sites with 
a direct source of biogas feed stocks. For the energy 
supply of private households and small business and 
community facilities it currently only plays a subordi¬ 
nate role [10]. 

Because of technical problems, a heavily fluctuating 
price of vegetable oil during the last years and the 
increased public discussion about the direct competi¬ 
tion with the food production the use of vegetable oil 
stagnated on a lower level. Irrespective of these prob¬ 
lems there are a few companies (mostly from Germany) 
that offer solution compatible with vegetable oil. 

Steam Piston Engine 

Steam piston engines are steam pressure engines where 
the expansion of steam takes place in a piston engine. 
Steam piston engines can comprise up to six working 
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Biomass Energy Small-Scale Combined Heat and Power Systems. Figure 6 

PowerTherm® micro-CHP unit (Copyright by PowerTherm Energie Systeme GmbH) 


cylinders, whereby each cylinder has a piston rod, 
which controls the required amount of steam through 
the corresponding stroke. Apart from a two-shaft ver¬ 
sion also a free-piston steam engine has been devel¬ 
oped, comprising two steam cylinders connected by 
a double free-piston. Since the use of conventional 
generators for this version is not possible due to the 
missing shaft rotation, a linear generator has been 
integrated into the engine (Fig. 7). 

At the beginning of the process cycle, steam flows 
into the cylinder until the valve rod terminates the 
intake process (Fig. 8). The steam subsequently 
expands in the working chamber and drives the steam 
piston. The volume increases and the pressure reduces. 
Having reached dead-center position, the valve rod 
releases the outlet valve and the steam is discharged 
from the cylinder. The energy transferred to the piston 
is passed on to the output shaft via a connecting rod 
and converted into electric energy in the generator 
connected to the system [12]. 


Steam piston engines, in contrast to steam turbines, 
can be operated with saturated steam as well as with dry 
steam. Due to the significantly higher level of usable 
thermodynamic heat content (enthalpy) available 
through the use of dry steam substantially, higher 
rates of electrical efficiency can be achieved. 

Steam piston engines demonstrate very good rates 
of electrical partial load performance and in compari¬ 
son to steam turbines they are less susceptible to any 
potential contamination of steam. However, the elec¬ 
trical efficiency with 6-15% is rather low. Additionally, 
steam piston engines show a high level of maintenance 
for plants requiring lubrication; this is not necessarily 
true for plants not requiring lubrication. But such 
engines show noise emissions of up to 95 dB(A). 

Due to the closed steam power cycle in steam piston 
engines, there are no restrictions on biomass-based 
fuels, which may be used for steam generation. Steam 
piston engines can be employed in the range from 
a couple of 10 kW up to several MW. 
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Biomass Energy Small-Scale Combined Heat and Power Systems. Figure 7 

System diagram for a biomass CHP unit with free-piston engine and linear generator [11] 


Steam Exhaust 

steam 





Biomass Energy Small-Scale Combined Heat and Power Systems. Figure 8 

Operation principle of a steam piston engine (a) Steam intake; (b) Pressure reduction and mechanical work; (c) Steam 
outtake [12] 


Steam Screw-Type Engine 

The working principle of the screw-type engine corre¬ 
sponds to the classical steam turbine process with the 
difference that the expansion of the steam does not take 
place in a turbine but in a screw-type engine. 


Screw-type engines consist of two screw-shaped 
interlocking rotors that are closely encased by the 
engine housing (Fig. 9). The working chamber is cre¬ 
ated by the space between the rotors and changes cycli¬ 
cally during operation. At the beginning of the process 
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Biomass Energy Small-Scale Combined Heat and Power 
Systems. Figure 9 

Operation principle of a steam screw-type engine [12] 

cycle, the working medium flows through the intake 
opening into the space between the rotors. The rotation 
of the rotors closes off the inlet cross section thereby 
creating a sealed off working chamber. During the 
expansion process, the steam flows through the space 
between the rotors, which widens toward the outlet 
opening. The steam expands in the process and con¬ 
verts its thermal energy into a rotational movement of 
the rotors. The mechanical energy generated this way 
can be converted into electric energy through a directly 
connected generator [13]. 

Two types of steam screw-type engines are distin¬ 
guished: wet and dry operating engines. For wet oper¬ 
ating engines, oil is injected into the working chamber 
for lubrication of the engine and sealing of the rotors. 
Following discharge from the engine, this oil needs to 
be separated again from the condensate through appro¬ 
priate oil extractors. Dry operating engines achieve 
contact-free movement by means of a special synchro¬ 
mesh transmission. The separately required lubrication 
of the rotor bearings can be performed through closed 
labyrinth seals. The advantage of this construction 
design is that the oil separator does become obsolete. 
The necessary gap between the two rotors however 
leads to higher losses of energy compared to wet oper¬ 
ating screw-type engines. 


For the generation of steam - as is common for 
systems with external combustion - different sources of 
heat and fuel can be used. The requirements on fuels 
thereby increase with declining plant capacities, since 
smaller plants usually also feature smaller heat 
exchange surfaces and profiles. As is the case for 
steam turbines, apart from water also organic fluids 
may be used as working medium. Steam screw-type 
engines demonstrate a high level of tolerance with 
regard to the quality of steam and can be operated 
with saturated steam as well as with dry and wet 
steam. In contrast to steam turbines there is no danger 
of droplet erosion in this case, so that expansion up 
into the region of wet steam is possible. 

Further advantages of steam screw-type engines 
compared to other heat generating plants are their 
favorable partial load performance and low mainte¬ 
nance and operational requirements. A disadvantage 
is the high noise level, which allows for residential 
housing applications only with the implementation of 
appropriate sound-insulation measures. 

Screw-type engines are generally suitable for the 
decentralized generation of electricity and heat supplies 
in the electrical capacity range between 20 and 
2,000 kW, whereby no their suitability in the lower 
capacity range has not be proven yet. The rates of 
electrical efficiency are in the range of 10-15% [13, 14] . 

Stirling Engine 

The Stirling engine belongs to the hot gas and 
expansion-driven engines where the piston connected 
to the generator is not driven directly by the expansion 
of combustion gases. The power piston and working 
gas form a closed system whereby the expansion of the 
working gas is caused through the supply of energy 
from an external heat source. In this way, Stirling 
engines can generally be used and optimized indepen¬ 
dent of the type of heat generation process. 

Stirling engines are available in a variety of designs, 
which essentially only differ in the arrangement of the 
expansion and compression cylinders. Characteristic 
for all designs is the use of a constant amount of 
working gas (air, helium, hydrogen, nitrogen) in 
a closed cycle. Every Stirling engine has a high- 
temperature section and a low-temperature section 
(in Fig. 10 referred as heater and cooler) between 













































440 


Biomass Energy Small-Scale Combined Heat and Power Systems 


Regenerator Heat 



consumer 


Biomass Energy Small-Scale Combined Heat and Power Systems. Figure 10 

System diagram for a biomass CHP unit with a Stirling engine [12] 



Biomass Energy Small-Scale Combined Heat and Power 
Systems. Figure 11 

Operation principle of an alpha Stirling engine with two 
cylinders 

which the working gas is cyclically moved back and 
forth between the expansion and the compression cyl¬ 
inders (Fig. 11). Depending on the design, the pistons 
will move at an angle of between 60° and 90° to one 
another in alternating phases. In single-cylinder sys¬ 
tems, by contrast, both pistons are housed in one 
chamber. The conceptualized process consists of the 
compression and the expansion phase. During the 
expansion phase, the working gas expands under 
the external supply of heat leading to an expansion of 
the gas. The hot working gas flows through the regen¬ 
erator toward the compression cylinder and release its 
thermal energy to the heat sink. In the compression 
phase, the working gas is once more compressed 


through the power piston and pushed back through 
the regenerator into the high-temperature section [ 15] . 

The advantage of the Stirling engine lies primarily in 
the use of an external source of heat. This way, the 
external combustion can be optimized independent of 
the operational status of the Stirling engine. Due to its 
closed cycle design, the average useful lifespan of 
a Stirling engine will generally also be higher than that 
of a comparable power generating system. To be set 
against this are the high demands placed on the seals, 
which occur with the use of helium as working gas. 
Regular checking and if appropriate also refilling of the 
working gas may be necessary, in part. For some 
models, this leads to a significant increase in operating 
costs. Additional problems might cause deposits at the 
heater/heat exchanger. In the case of long servicing 
intervals, the use of high-quality wood pellets is 
required for optimized combustion with low particle 
content within the hot flue gas. In the case that fire¬ 
wood or wood chips are used more frequent servicing 
intervals are advisable. 

Since the combustion does not take place in the 
Stirling engine itself, and since there are no valves, 
only limited noise emission and vibrations occur dur¬ 
ing operation. Driven by the growing interest in tech¬ 
nical solutions for small-scale power generation the 
development of market-ready Stirling engines has 
accelerated significantly in recent years. In this context, 
the latest developments have shown that biomass in 
form of wood pellets or firewood is well suitable for 
use. There are currently a number of Stirling engines 
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with electrical capacities between 1 and 100 kW in the 
demonstration and market introduction phase. Pro¬ 
vided that a heat sink on a low temperature level and 
high flue gas temperatures at the heater are available, 
electrical efficiencies of around 25% can be achieved. 
However, due to lower flue gas temperatures emitted 
during biomass combustion the electrical efficiency of 
biomass-fueled Stirling engines tends to be significantly 
lower. This option is still within the R&D-status. 

Steam Turbine 

The generation of electric power through steam turbines 
takes place in a thermodynamic process cycle. Here either 
water or an organic working medium is circulated within 
a closed cycle. Common features of all steam turbines are 
blades on the turbine shaft and casing. 

Steam turbines are available in a large variety of 
construction designs. They can generally be distin¬ 
guished by their direction of flow. In axial turbines 
the steam passes through the turbine in parallel to the 
axis, in radial turbines at a right angle to the axis. 
Applications for use of both designs can be found in 
the low electrical capacity range (<100 kW). 

In the steam process the working medium is evap¬ 
orated and subsequently superheated. The superheated 
steam is channeled between the blades setting the tur¬ 
bine shaft into rotation. The generator connected to the 
turbine shaft converts the mechanical energy into elec¬ 
trical energy. The steam emitted from the turbine is 
channeled to a condenser where it discharges most of 
its still remaining thermal energy into a heating cycle, 
whereby the steam condenses. The condensate is 
channeled back into the system. 

Water is used as working fluid in the classical steam 
process. High pressures and high temperatures are 
required to maximize the energy content of the steam 
and thus the overall efficiency. In the Organic Rankine 
Cycle (ORC) process, an organic working medium 
(usually silicon oil) is used instead of water and an 
additional thermal oil cycle is often introduced, 
resulting in increased space requirements and higher 
costs of investment. In contrast to water, the organic 
medium has usually significantly lower steam pressure. 
Therefore, there is no need for the installation of 
expensive high pressure systems. The thermal oil is 
heated up to a supply flow temperature of 


approximately 300°C and then channeled onward 
into an evaporator where the organic working medium 
is evaporated through use of the heat transferred by the 
thermal oil into the ORC process. The steam is 
expanded in a slow running turbine where it performs 
mechanical work, which produces electric 
power within the generator. The expanded steam can 
afterward be used in a regenerator for the 
internal recovery of heat. In the downstream-installed 
condenser the working medium in condensed 
releasing still remaining heat to external consumers. 
Following this, the working medium is brought back 
to operating pressure and again channeled into the 
evaporator. 

Steam turbines in the MW capacity range represent 
proven technology for the generation of electric power 
with high levels of electrical efficiency performance of 
up to 45% (Fig. 13 shows the rotor of a 250 MW 
industrial steam turbine) [16]. A drawback in the 
development and market introduction of small-scale 
steam plants are the much lower electrical efficiencies 
with a concurrent significant increase in specific costs. 
In the segment of micro cogeneration units, additional 
technical problems arise due to the need for miniatur¬ 
ization of turbines, which can be resolved only through 
increased expenditure in construction. All in all, this 
has lead to a situation where there are no market-ready 
micro steam turbines available in this segment. The 
capacity range available on the market starts in the 
range of several MW. 

ORC plants for the conversion of waste heat from 
biomass-fuelled plants in the electrical capacity range 
of 400 kW to 2.2 MW are today state of the art. But the 
10-15% level of electrical efficiency that can be 
achieved remain significantly below those for steam 
turbines [17]. Work is currently being done to reduce 
in power capacities, whereby development activities 
until now have generally been limited to an assessment 
of basic technical viability without taking into consid¬ 
eration short-term commercial interests. The partial 
load performance of ORC plants is comparatively 
good. The advantage compared to steam turbines lies 
furthermore in the automated operation without the 
need for permanent control of the status of the steam 
cycle and in the possibility of decoupling heat at differ¬ 
ent temperature levels (condenser and economizer in 
Fig. 12). 
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Biomass Energy Small-Scale Combined Heat and Power Systems. Figure 12 

System diagram for a biomass CHP unit based on an Organic Rankine Cycle [12] 



Biomass Energy Small-Scale Combined Heat and Power 
Systems. Figure 13 

Steam turbine (Copyright Siemens AG) 


Since steam turbines are closed systems with exter¬ 
nal heat generation, essentially all available biomass 
fuels for the generation of steam can be used. Similar 
to Stirling engines, the heat transfer surfaces may need 
to be formed in such a way that the risk of deposits is 
minimized. The emission of noise from steam turbines 
is typically rather significant due to the high rotational 
speed of the turbine shaft. This makes appropriate 
sound insulation and vibration control necessary. Due 
to their slower rotational speeds, ORC plants can be 
expected to demonstrate lower levels of noise emission. 

The investment cost per installed electrical capacity 
of an ORC module range from 2,000 to 3,000 €/kW. For 
an ORC plant (including thermal oil boiler, electro¬ 
static precipitator, and thermal oil) the specific costs 
will increase by around 1,000 €/kW. 

Hot-Air Turbine 

Within a hot-air turbine, hot air expands inside the gas 
turbine. The hot flue gas transfers its heat in a high- 
temperature heat exchanger to the working air, which 
has already been compressed within the compressor. 
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Biomass Energy Small-Scale Combined Heat and Power Systems. Figure 14 

System diagram for a biomass CHP unit with hot-air engine and steam injection [13] 


This compressed working air is heated up to approxi¬ 
mately 800°C. Then it expands in the turbine to ambi¬ 
ent pressure and a temperature of approximately 400° C 
while performing mechanical work. Subsequently the 
expanded working air is channeled through a heat 
exchanger, warming up the combustion air needed to 
provide the thermal energy. The heat remaining in the 
flue gas at approximately 300°C, can be used for the 
generation of steam or hot water (Fig. 14). This com¬ 
paratively high temperature level also allows the gener¬ 
ation of electric power by a downstream ORC 
installation. 

Due to the closed air circuit, any type of fuel can 
generally be combusted in the boiler. The degree of 
electrical efficiency of hot-air turbines ranges from 
10% to 20% [18]. The smallest turbine available, 
at present, has an electrical output rating of 25 kW 
with a price of up to 8,800 € per installed electrical 
capacity in kW. Technically challenging are the high- 
temperature heat exchangers, which are rather expen¬ 
sive given the high demands placed on the materials 
used, as well as the limited long-term operating expe¬ 
rience available to date. Therefore, this option is basi¬ 
cally within the R&D- status. 

Inverse Gas Turbine 

In contrast to the classical gas turbine process within 
the inverse gas, turbine process combustion takes place 
at atmospheric pressure. The flue gas released from 


combustion at a temperature of around 1,000°C is 
cleaned in a high-temperature cyclone or hot gas filter 
and then cooled down to around 700° C through the 
injection of water or steam. Then the flue gas passes 
into the gas turbine where it expands from the ambient 
pressure range into vacuum pressure of approximately 
0.3-0.4 bar and performs mechanical work. The heat of 
the expanded flue gas can subsequently be used in 
several steps for the generation of high and low tem¬ 
perature heat. The cooled down exhaust gas, still in the 
vacuum pressure range, is compressed within a com¬ 
pressor to reach ambient pressure and heated up in the 
process (Fig. 15). The heat generated this way can, for 
example, be used for the preheating of the combustion 
air. The exhaust gas is subsequently released into the 
atmosphere - if necessary, having first gone through an 
appropriate cleanup process [19, 20]. 

Inverse gas turbines can generally be used in an 
electrical capacity range from only a few kW up to 
several MW, at rates of electrical efficiency of around 
20%. The operating experience necessary for an assess¬ 
ment of maintenance and operational requirements is, 
at present, not yet available. With the use of standard 
components for the turbine and peripheral compo¬ 
nents, it can be assumed that no significant problems 
should arise. Due to the early stage of the development, 
no statement about the future price is possible. 

An important argument for the development of 
inverse gas turbines - apart from the advantage derived 
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Biomass Energy Small-Scale Combined Heat and Power Systems. Figure 15 

System diagram for a biomass CHP unit with inverse gas turbine and steam injection [13] 


from atmospheric combustion, which through the use 
of biomass avoids the otherwise costly fuelling through 
a pressure vessel - is the possibility to use lean gases 
with low caloric value and humid biomass. Since the 
inverse gas turbine process is a modified gas turbine 
process, similar to the one used for micro turbines, 
comparable levels of noise emission can be expected. 
The same applies to the requirement for supporting 
electric power. 

Micro Gas Turbine 

Small high-speed gas turbines are referred to as micro 
gas turbines. The difference between micro gas turbines 
and conventional gas turbines lies in the power range 
and the rotation speed. 

The combustion air is drawn in through a centrifugal 
compressor and heated up with the waste heat from the 
generator, while the generator is cooled at the same time 
with the cool combustion air. The air heated up this way 
flows into the combustion chamber, where it is 
combusted together with the fuel gas. The hot and 
compressed flue gas expands within the turbine driving 
the compressor and the generator. The resulting 
mechanical energy is converted by the generator into 
electrical energy. In the recuperator, the hot exhaust 
gases pass on part of their heat to the cooled down 
combustion air and are discharged from the turbine at 
a temperature of around 300° C, which can then be used 


in a downstream heat exchanger to provide process 
heat (Fig. 16). Micro gas turbines produce high- 
frequency alternating current of up to 1,600 Hz, which 
is converted into alternating current with the aid of 
power electronics [21]. 

In recent years, natural gas powered micro gas 
turbines have reached the demonstration and market 
introduction phase and are available in the electrical 
capacity range of 30-200 kW with efficiency rates of 
25-30%. The specific costs for micro gas turbines are 
between 1,000 and 2,000 € per installed electrical 
capacity in kW. A positive impact on the cost of 
modules results from the fact that the cooling of 
the generator and power electronics can still be 
performed with air up to an electrical capacity of 
60 kW. Only at higher capacity ranges, liquid cooling 
become necessary. Negative impact on the cost of 
modules is due to the complexity of the frequency 
conversion unit and the recuperator. Apart from the 
cost of modules, additional costs for a gas compres¬ 
sor do usually arise. 

The maintenance requirements for micro gas tur¬ 
bines are lower than those for piston engines since there 
are mostly rotating components in the system. Aero¬ 
static bearings used by some manufacturers lead to 
a further reduction in maintenance requirements. The 
noise level for some market-ready models up to 
100 kW is indicated as approximately 65 dB(A) at 
a distance of 10 m. 
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Biomass Energy Small-Scale Combined Heat and Power Systems. Figure 16 

System diagram for a biomass CHP unit with a micro gas turbine [22] 


Up to now, most manufacturers have approved the 
use of landfill gas, sewage gas, and biogas at calorific 
values between 3.6 and 11.7 kWh/mN 3 [23]. Current 
research is looking into the development of fuelling 
systems that allow stable and low emission combustion 
of gases with low calorific and heating values [24]. 

Fuel Cell 

Fuel cells are one of the future technologies with a high 
potential of efficiency. In contrast to the thermal power 
engines, the maximum achievable electric efficiency is 
not limited by the Carnot limit. For this reason they can 
achieve substantially higher electric efficiencies than 
traditional technologies (for this scale up to 45%) 
with extremely low noise and pollutant gas emissions. 
The working principle of the fuel cell corresponds to 
a reversal of water electrolysis, i.e., oxygen and hydro¬ 
gen react in the fuel cell to form water under release of 
electrical and thermal energy. Depending on operating 
temperature and the electrolyte used one can distin¬ 
guish between different types of electrolyte, all of which 
are structured similarly. 

Fuel cells consist of two electrodes (anode and cath¬ 
ode) separated by a semipermeable membrane. The elec¬ 
trodes are connected to each other through an external 
electric circuit and thus allow for the flow of electric 


power to the consumer connected. Since the maximum 
current of individual cells is limited, technically usable 
currents are generated through the interconnection of 
several single cells into so-called stacks. The electrolyte 
facilitates the exchange of ions, is impermeable and con¬ 
trols the type of ions exchanged. The choice of electrolyte 
determines the operating temperature and type of gas¬ 
eous fuels, which may be used, and thus the areas of 
application. For the development of new fuel cells as 
a component of CHP plants, the majority of potential 
manufacturers opt for PEM technology (polymer elec¬ 
trolyte membrane fuel cell) or the SOFC technology 
(solid oxide fuel cell). 

Depending on the electrolyte used, the range of tem¬ 
perature and the number of stacks outputs of a few 
kilowatts up to several megawatts can be achieved in 
fuel cell systems. The electrical efficiency is typically 
between 25% and 45%. For small-scale decentralized 
plants, performance rates of 30-35% of electrical energy 
referred to the used primary energy can be considered as 
being realistic. Due to the modular structure of the stacks, 
fuel cells generally demonstrate good control properties 
and low maintenance requirements. Problem areas still 
remain the comparatively limited operational experience, 
the long heat-up period for high-temperature fuel cells, 
the pending proof of long-term reliability as well as the 
rather high specific costs [13]. 
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Due to the higher operating temperature of SOFC 
systems, these are less susceptible to the quality of the 
fuel gases used. However, for PEM systems this means 
that the hydrogen required needs to be produced in an 
upstream reformer and that only high-purity gases may 
be used. SOFC systems on the other hand are capable of 
producing hydrogen through an internal reforming 
process. Hence, high-temperature fuel cells have been 
identified as better suited for biofuels. For reasons of 
long-term reliability, sulfur and halogen compounds 
should essentially be reduced to minimal proportions. 

Fuel cell systems could use a wide range of different 
biofuels. Demonstration projects have been running 
with biofuels from gasification, landfill, and anaerobic 
digestion plant. Liquid biofuels, like methanol, ethanol, 
and dimethylether could also be used. However, pres¬ 
ently biogas is the best biofuel for high-temperature 
fuel cells. 

The areas of application for product gases retrieved 
from solid biomass in SOFC systems have not been 
explored sufficiently yet. The evaluation of initial 
research projects however already shows that SOFC 
systems can generally speaking also be operated using 
lean gas [25]. Initial trials for the integration of SOFC 
systems into an allotherm working biomass gasification 
system have shown that by the use of the Top Cycle 
Process electrical efficiency rates of approximately 


43% can be achieved. In application of this principle, 
the waste heat of the fuel cell is being used as a source of 
heat for the endothermic gasification process (Fig. 17). 
Through this recycling of waste heat into the gasifier it 
is possible to achieve a net electric power output of 
approximately 48 kW derived from a combustion heat 
output of 113 kW [26]. Based on biomass, this option 
is still within the R&D-status. 

Thermoelectric Generator 

Thermoelectric generators are construction elements 
using the “Seebeck effect” to convert thermal energy 
supplies into electric power. The working principle 
corresponds to that of a thermocouple. Figure 18 
illustrates the relevant system structure. Through the 
use of p- and n-type-semiconductor legs, with thermal 
parallel connection, an electrical serial connection 
is created. 

The rate of efficiency and the performance of ther¬ 
moelectric generators depend, in addition to the mate¬ 
rial properties, on the number of interconnected pairs 
of legs and the difference in temperature between the 
source of heat and the heat sink. The greater the differ¬ 
ence in temperature between the warm and the cold 
side, the higher the efficiency and the rate of electrical 
output. However, the two temperature levels may not be 
chosen arbitrarily. On the warm side, 250°C should not 
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System diagram for a biomass CHP unit with fuel cell and TopCycle-System (According to [12, 25]) 
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Biomass Energy Small-Scale Combined Heat and Power Systems. Figure 18 

Schematic design of a biomass CHP plant with thermoelectric generator (According to [27]) 


be exceeded - for reasons of material resilience - and on 
the cold side, the lower temperature range is deter¬ 
mined by the temperature of the heating cycle. Due to 
the lower level of temperatures and flow of heat, the rate 
of electrical efficiency performance decreases 5-6% in 
the partial load area. In the future, it might be possible 
to realize results of 10% and above [28]. 

A major advantage of this technology is the omis¬ 
sion of moving parts, which reduces maintenance and 
operational demands and results in noise-free opera¬ 
tion. Thermoelectric generators are therefore suitable 
for use in pellet-burning stoves installed in living areas. 
An additional advantage is that no electrical support 
power is required. 

Due to their homogeneous properties, only wood 
pellets can be used at the moment. Theoretically, one 
can consider using any other solid biogenic fuel for the 
supply of heat; however, with the use of inhomoge¬ 
neous fuels increasing problems can be expected as 
a result of fluctuating combustion temperatures and 
residual ash deposits. 

At present the electrical efficiency performance still 
remains in the rather low range of 400 W, with an 
efficiency of 2%. For the future a doubling of both 
these values is aimed [27, 29]. Therefore this option is 
still within the R&D- status. 

Market Survey 

Based on the technologies outlined above, the status of 
these technologies within the bioenergy market is 
assessed below. 


Market-Ready Plants 

Gaseous Biomass At present the use of biogas is the 
most popular renewable fuel for micro cogeneration. 
Due to a long experience in the use of fossil fuels often 
standard car engines with necessary technical adaptations 
are used. The second important technology for this scale 
and application is the micro gas turbine. The internal 
combustion engine is more frequently used than the gas 
turbine because of its long time experience, large produc¬ 
tion and service infrastructure, and the generally lower 
power generation costs. Both technologies are suitable for 
flexible deployment in synchronized to the grid, isolated, 
and emergency operation. 

Despite these advantages, a further increase in the 
importance of biogas CHP units in private households 
or small business and community facilities needs a major 
improvement in biogas fuel production and supply. 

There are several manufacturers offering biogas- 
fuelled motor CHP units for this scale. Below, some 
interesting units are shown. 

The Italian company Energia Nova produces micro 
CHP units with an electric capacity of 20 kW and 
a thermal capacity of 44 kW based on a 1,200 cc car 
engine. The electrical efficiency is specified to be at 29% 
[10]. Also, the company Tedom which is based in the 
Czech Republic offers biogas-fuelled micro CHP units. 
The smallest available unit has an electric capacity of 
28 kW with a thermal capacity of 50 kW. The unit is 
driven by the gas combustion engine V3800 and has an 
electrical efficiency of 30% and a thermal efficiency of 
53% [30]. Spilling , from Germany, manufactures units 
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with an electric capacity between 5 and 20 kW and 
a thermal capacity between 10 and 43 kW. The overall 
efficiency is specified to be at ~90%, depending on the 
return temperature. The specific investment cost of one 
unit amount to approximately 2,100 €/kW [31]. 

The American company Capstone offers the only on 
the market available micro gas turbine with electrical 
capacities below 50 kW. According to its own informa¬ 
tion, Capstone has around 5,000 plants installed world¬ 
wide [32, 33]. The Capstone models are compact design 
micro turbines with all rotating parts connected to 
a single shaft fitted with aerostatic bearings. Due to the 
air bearings technology employed no lubricants or cool¬ 
ants are required. The turbines are fitted with synchroni¬ 
zation equipment, which allows for direct connection to 
the public grid. The internal controls allow for the parallel 
operation of up to 20 turbines via a central control centre. 

Liquid Biomass The use of liquid biomass for energy 
has become more popular during the last years. For the 
combined generation of heat and power, typically the 
same technologies as for the gaseous biomass are used. 
Due to the chemical composition of liquid biomass, there 
are units that cannot work with liquid biofuels directly. 
Other restraints result from the fuel price, which was very 
volatile during the last years as well as from the public 
discussion about the competition with the resource 
efficiency and the sustainability of liquid biofuels. 

One of the major manufacturers of micro CHP units 
for the use with liquid biofuels in Europe is SenerTec 
from Germany. The 580 cc combustion engine can be 
used with biodiesel and with rapeseed oil. According to 
the manufacturers information the electric capacity of 
the unit is around 5 kW, with a thermal capacity of up 
to 11.7 kW. The overall efficiency is stated to be at 89% 
(with an electric efficiency of 29%). The unit works 
synchronized to the grid and is designed for heat- 
controlled operation. They reach a maximum flow 
temperature of 83°C. Through this capability, usage 
from private households up to small business and 
community facilities is possible [34]. The investment 
cost is stated to be at 20,500 € (without value-added tax). 
The costs will increase for the additional offered accesso¬ 
ries (e.g., maintenance kits, condensate pumps, heating 
circus distributor). The inspection is done according to 
maintenance plans and is shortened to 1,400 h when 
using regenerative biofuels [35]. 


Other manufacturers are Cogengreen from Belgium 
and KW-Energietechnik from Germany. 

Solid Biomass At present there are no market-ready 
micro cogeneration units available operating on the 
basis of solid biofuels. The around 500 micro cogene¬ 
ration units so far installed in Europe are primarily 
pilot and demonstration plants or preproduction series 
installations with customers. The development of mar¬ 
ket-ready small-scale biomass gasification plants could 
be a major step toward a considerable market position 
of solid biomass-driven micro cogeneration units. 

Gasification technology offers a number of advan¬ 
tages in the use of biogenic solid fuels - compared to 
classical combustion. One essential advantage is the 
fabrication of a specific gaseous product with proper¬ 
ties depending primarily on the production process 
and only secondarily on the type of biomass used. 
A high level of efficiency can generally be achieved by 
integration of gasification into the cogeneration pro¬ 
cess through combustion engines in the segment of 
small- and medium-size capacities. For the thermal 
capacities applied here, only fixed bed gasification tech¬ 
nologies are used. 

Generally speaking, fixed bed gasification furnaces 
based on the co-current or counter-current principle 
are used in the lower capacity range, due to simpler 
technology. In the counter-current principle the fuel is 
supplied from above, whereas the gasification medium 
is injected from below. In the co-current principle, by 
contrast the fuel and gasification medium are supplied 
together from above with falling gasification direction. 

A successful market introduction of CHP fixed bed 
gasification plants in the lower capacity range is being 
hindered by presently still existing significant technical 
problems. The main ones include relatively low grades 
of efficiency, often unreliable operating performance of 
plants due to technological insufficiencies, usually too 
high emission levels of contaminants, in many cases 
insufficient purification of gas as well as the sometimes 
permanent need for control and frequent technical 
servicing [36]. 

Demonstration and Pilot Plants 

Like described above, there are many liquid or gaseous 
biofuel-driven micro CHP units with high electrical 
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efficiency commercially available. Due to this situation, 
there is a considerably lower need for the development of 
new technologies. The major parts of the research and 
development activities are invested in systematic 
improvement of existing systems. The situation is differ¬ 
ent at the field of micro CHP units based on solid 
biomass, where the market-ready units are missing but 
development approaches for almost every conversion 
technology exist. 

Therefore, some important demonstration and 
pilot plants based on solid biomass are presented 
below. This selection is realized with the goal to give 
an overview of the broad variety of the ongoing activ¬ 
ities within this area. The order of the listing corre¬ 
sponds approximately with the status of development. 

Hoval (1 kW): Stirling Engine Hoval develops bio¬ 
mass powered small-scale CHP plants in which through 
a combination of a Stirling engine and a firewood 
powered furnace electrical and thermal energy is supplied 
simultaneously. Since the autumn of 2008, Hoval is offer¬ 
ing an initial small run series with 20 CHP plants. The 


rated thermal output of the logwood-burning furnace 
AgroLyt is 25 kW, the electrical output rating of the 
Stirling engine is 1 kW (with an electrical efficiency of 
the Stirling engine of around 15-20%). A logwood¬ 
burning furnace is used to supply the heat required for 
the operation of the Stirling engine. The Stirling engine, as 
a beta-type (i.e., 2-pistons 1-cylinder system), has been 
designed with an external regenerator and uses nitrogen 
with approximately 12 bar as working gas. 

For retrofitting of an existing wood burning fur¬ 
nace, the door to the combustion chamber needs to be 
replaced by a door adapted to the Stirling engine 
(Fig. 19). This way it becomes possible to slide the 
engine inside the combustion chamber. For the optimal 
channeling of the exhaust gases through the heat 
exchanger some of the stone lining inside the combus¬ 
tion chamber needs to be exchanged and the control 
software needs to be adapted for operation of the 
Stirling engine. Through the use of the Stirling engine 
the space requirements of the biomass furnace increase. 
Apart from the space required for the furnace and the 
engine installed, additional space is needed for the 
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Stirling engine mounted in the wood burning furnace (Copyright by Hoval) 
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installation of a track system. This is necessary since the 
engine has to be pulled out of the combustion chamber 
far enough so that the door can be opened without 
difficulties, in order to allow maintenance works on the 
furnace. Apart from this track system, a system fixing 
the engine inside the furnace also is necessary [37, 38]. 

Since an as effective as possible cooling system for 
the Stirling engine is required in order to achieve a high 
degree of electrical efficiency, the engine is connected to 
the existing heating system via a separate cooling cir¬ 
cuit. Options are, for example, the integration into the 
return flow of a low-temperature heating system or 
a connection to a hot water boiler or buffer. Important 
for all concepts are that optimal cooling of the Stirling 
engine can be ensured. If this is not the case, suitable 
heat exchangers need to be installed. The electrical 
connection can be made through integration into 
a control cabinet [37]. 

In the course of the optimization phases carried out 
to date, many of the original operational problems of 
the plant have been solved. These concern among 
others the increase of the availability, the electrical 
efficiency performance, and the electrical capacity of 
the Stirling engine, as well as a reduction in the demand 
for supporting electrical power and an improvement in 
the overall performance rating of the plant. The invest¬ 
ment cost of a Stirling engine (together with the 
required fittings and the control cabinet) amount to 
approximately 8,000 € [38]. 

Plans for the further development of the Stirling 
engine include an increase in electrical output to 
3 kW as well as an integration of the engine into a pellet 
boiler with greater thermal capacities, starting at 
around 50 kW [38]. 

Stirling Danmark (9 and 35 kW el ): Stirling Engine 

Stirling Danmark currently offers two plants for com¬ 
bined heat and power generation. A Stirling engine of 
the type SD3 with an electrical net output rating of 
35 kW and an electrical efficiency of approximately 
27% (according to manufacturers’ specifications) is 
used for the generation of electric power. 

In one of the models on offer, a counter-current 
gasifier produces a combustible gas, which is burnt in 
a specially designed combustion chamber. The Stirling 
engine in this case is integrated into the combustion 
chamber. The gasifier is charged from below with 


a mixture of air and flue gas recaptured from the 
combustion chamber and from above with the fuel 
(according to the manufacturers data wood chips 
with a humidity level of up to 55%). Cleaning and 
reprocessing of the exhaust gas is not provided in this 
concept. The usable thermal output stands at approx¬ 
imately 145 kW, with a thermal fuel input value of 
200 kW [39]. 

In addition there is another model where the Stir¬ 
ling engine is fitted inside the combustion chamber of 
a wood chips burning furnace. In order to increase the 
performance rate of the Stirling engine the combus¬ 
tion air is already preheated to around 250°C. Using 
wood chips with a humidity level of up to 50%, 
a thermal capacity of 215 kW and an electrical effi¬ 
ciency of 35 kW can be supplied by a thermal input 
rate of 290 kW [40]. 

Apart from the CHP unit rated at 35 kW electrical 
capacity Stirling DK is also developing a small-scale 
CHP plant. The core section of this plant is a beta- 
stirling engine with an electrical output of 9 kW which, 
according to the manufacturers, should reach an elec¬ 
trical efficiency rate of approximately 28% [41]. 

Talbott’s (25 kW e i): Hot-Air Turbine The company 
Talbott’s Biomass Energy Group Ltd. supplies CHP 
plants with electrical output ratings ranging from 
25 kW up to 100 kW. The humidity levels of the fuels 
used should not exceed 25%; however, operation at 
humidity levels up to 40% is possible, in principle. 
Through the separation of the hot-air turbine process 
from the supply of heat the operation of furnace and 
turbine can largely be optimized independent of each 
other. 

The combustion takes place in a stepped grate with 
automatic ash removal and the plant can be operated 
with wood chips of G50 quality or wood pellets. A hot¬ 
air turbine is used for the generation of electric power, 
with a manufacturer stated electrical efficiency rate of 
20%. The price per installed electrical capacity for the 
CHP plant is between 6,200 and 8,800 €/kW [42]. 

Sunmachine (3 kW e i): Stirling Engine Sunmachine 
has also been working for a number of years on 
the development of a micro cogeneration unit for 
domestic use as well as small-scale commercial 
objects. According to manufacturers information, 
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the grid feed-in capacity of the CHP plant ranges 
from 1.5 to 3 kW, with electrical efficiencies of 
20-25%. The thermal capacity is stated as 
4.5-10.5 kW. Wood pellets are listed as suitable 
fuel. The cost per installed electrical capacity of 
the CHP plant (excluding heat storage, connection, 
etc.) is around 7,600 €/kW. 

Due to governmental subsidies in Germany and the 
interest in the technological concept, of combining 
a compact upside-down burner with a newly developed 
Stirling engine, some 400 plants have been sold and 
installed to date [43]. Partly responsible for the 
considerable shortfall in meeting the original sales 
targets is an underestimation of the need for further 
operational optimization in practice applications. 
Following restructuring measures (at the end of 
2009) and a major reduction in production vol¬ 
umes, resumption of normal production can be 
expected only once the still remaining technical 
problems have been solved. 

Cleanergy (7.5 kW el ): Stirling Engine Already in 
June 2007, the company SOLO Stirling (the original 
developer of the Stirling engine type V161) had to file 
for insolvency. The company was subsequently taken 
over by Stirling Systems and renamed as Stirling Sys¬ 
tems. After this company, as well, had meanwhile filed 
for insolvency, the technical know-how was acquired 
by the Swedish company Cleanergy. According to 
a company statement (at the end of 2009), Cleanergy 
intends to resume production of the Stirling engine by 
2010 at the latest. 

SOLO Stirling had started with the series pro¬ 
duction of the model VI61 in 2002 and had sold 
around 150 units since the original market launch. 
Besides the original concept, in which natural gas is 
used as fuel, tests were also made with the use of 
biomass. In this context, the direct supply of heat 
through the combustion of biomass had been inves¬ 
tigated, as well as the use of wood gasifier. In 
operations with a fixed bed counter flow gasifier, 
the Stirling engine V161 achieved an electrical out¬ 
put rating of between 2 and 7.5 kW with a thermal 
output 8 to 22 kW (i.e., electrical efficiency of 
around 20%) [41]. It is presently not known whether 
Cleanergy intends to further pursue the development 
of a model using biomass. 


Bioenergy 2020+ (0.2 kW el ): Thermoelectric 

Generator Austrian Bioenergy Centre (now Bioenergy 
2020+) has been exploring the technical viability of using 
the “Seebeck effect” for the cogeneration of heat and 
power with a pilot plant since 2006. The objective of 
the project is to use a modern pellet furnace in isolated 
operation, regardless of the availability of electric power 
supplies. As a result of these parameters, the plant is 
operated in a heat-controlled mode with low electrical 
output of the power generating unit. 

The thermoelectric generator TEG 250 consist of 16 
interconnected modules with altogether 288 pairs of 
legs. In the initial development phase, the thermoelec¬ 
tric generator with an electrical output of 200 W was 
integrated into a standard wood pellet furnace. The 
objective was to demonstrate the practical implemen¬ 
tation of this combination and to investigate whether 
the potentials worked out in theory could actually be 
achieved in practice. During the initial trials, electrical 
efficiencies of 4% for the generator and 2% for the 
system as a whole were achieved. As a next 
step, the still remaining measures for optimization 
are to be implemented (e.g., optimizing the heat 
transfer process, reducing the risk of overheating, 
ensuring stable, and complete combustion); and the 
electrical performance of the generator is to be 
doubled, while reducing the costs by half at the same 
time [29]. 

OTAG (3 kW el ): Steam Piston Engine Another 
development is the “lion-Powerblock” from OTAG. 
Based on the already available natural gas fired “lion” 
OTAG has been working (since 2007) on a combination 
suitable for practical application of the “lion- 
Powerblock” with a wood pellet furnace. 

Basis for this is the Linator® - a free-moving piston 
in a closed process steam operation. The hot gases from 
the combustion process are used to produce process 
steam with a temperature of approximately 350°C and 
a pressure of 5-30 bar. The steam cycle, as is customary 
for steam piston engines, is a closed system with exter¬ 
nal combustion. 

According to the manufacturers’ information, the 
first plant is undergoing field-testing in monovalent 
operation since the autumn of 2009. The thermal out¬ 
put modulates in a range between 4 and 14 kW, with an 
electrical output rating of 3 kW. 
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Aactor !GT - Okozentrum Langenbruck (9 kW e i): 
Inverse Gas Turbine Until the end of 2009, the 
Okozentrum Langenbruck had been working on the 
development of a prototype model for an inverse micro 
gas turbine with a feed-in capacity of approximately 
2.4 kW that was to serve as the basis for the design of 
a prototype turbine powered by atmospherically 
combusted lean gas. Decisive for the decision to develop 
such a plant were the results of a market and technology 
analysis made by the Okozentrum in which inverse gas 
turbines were identified as a robust and economically 
viable technology for the use of lean gases. 

Since the first two project phases went rather prom¬ 
isingly, a prototype suitable for field-testing is now to 
be developed in the next project phase and ultimately 
the prototype for a lean gas powered inverse gas turbine 
with a feed-in capacity of 9 kW [19]. 

Conclusions 

Below some conclusions are drawn. 

Technological Aspects 

The rate of electrical efficiency is one of the main 
indicators for the evaluation of small-scale CHP plants. 


This is due to the fact that the economic advantage 
gained through the feed-in of electricity into the grid 
and the resulting reimbursement - or through a reduc¬ 
tion of the electric energy consumption brought from 
external sources - generally tend to be significantly 
higher than those potentially to be gained by the pro¬ 
vision of heat. 

Below the theoretical electric efficiency together 
with the current status of development is shown for 
the conversion technologies and the capacity range 
described above (Fig. 20). A comparison of these two 
charts highlights one of the key problems of the use of 
biofuels for micro cogeneration in general and solid 
biofuels in particular. On the one hand, the theoretical 
efficiency potential of most of these technologies is not 
yet sufficiently exploited. On the other hand, the tech¬ 
nology with the highest electrical efficiency rating, (i.e., 
fuels cells) is currently not available on the market. 
Applications, on the basis of solid biomass, for the 
most proven technologies (i.e., steam turbines and 
micro gas turbines) are presently still missing in the 
performance range reviewed. 

Despite increased research activities over the past few 
years hardly any commercially operating solid biomass 
CHP plants can be found up to now in the capacity 
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Electrical efficiency and status of development of examined conversion technologies for the micro cogeneration on the 
basis of biomass. For technologies with no real electrical efficiency shown assessable projects are missing. (ICE, Internal 
combustion engine; SE, Steam piston engine; SSE, Steam screw-type engine; STE, Stirling engine; WSE, Water steam 
engine; ORC, Organic Rankine Cycle; HAT, Hot-air turbine; IGT, Inverse gas turbine; MT, Micro gas turbine; FC, Fuel cell; TG, 
Thermoelectric generator) 
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range under review. An interesting aspect in this context 
is the fact that two promising developments are not 
being pursued any further since, from the perspective 
of the plant manufacturers, an economic operation of 
the plants is not possible for the time being. 

The first of these two is a micro ORC unit with an 
electric capacity of ~10 kW and a thermal capacity of 
~80 kW that was developed by Turboden from Italy. 
The second one is a four-cylinder Stirling engine with 
an electrical capacity of 1 kW, which uses the hot 
combustion gases of a wood pellet furnace for the 
generation of power, developed originally by SPM and 
later by KWB. After the first plants had already been 
tested for their practical suitability within a field test, 


the project was abandoned at the end of 2009. 
According to statements by KWB it is the presently 
still rather low actual customer interest that is mainly 
responsible for this decision. The still ongoing field 
tests will be completed in order to be able to use the 
experiences gained for later developments [44]. 

This also leads to the assumption that either the 
market for solid biomass micro CHP units is not 
important enough or the still remaining technical 
problems, at present, do not justify any further inten¬ 
sive development activities. 

Table 1 additionally shows the major advantages 
and drawbacks of the CHP technologies reviewed. 
The stated values are to be considered as indications 


Biomass Energy Small-Scale Combined Heat and Power Systems. Table 1 Key characteristics of the biomass CHP 
technologies investigated 


Conversion 

technology 

Main advantage 

Main drawbacks 

Internal 

combustion 

engines 

Well established; wide selection of plants on 
offer; acceptable costs and grades of efficiency 

High level of noise; low exhaust gas temperature; 
gaseous or liquid fuels required 

Steam piston 
engines 

Good partial load performance 

High level of noise; very high maintenance 
requirements 

Steam screw- 
type engines 

Good partial load performance 

Only limited operating experience; high level of noise 

Stirling engines 

Adaptable to different furnaces (external 
combustion); low noise level 

Low grade of electrical efficiency; high maintenance 
requirements 

Water steam 
engines 

Proven technology in the higher capacity 
range 

High specific costs for smaller capacity range; low 
grades of efficiency, high level of noise 

Organic 

Rankine Cycle 

Lower inlet temperatures can be used; very 
good partial load performance 

Low grades of efficiency (only limited scope for 
improvement) 

Hot-air turbine 

High exhaust gas temperature; high degree of 
efficiency potential with steam injection; 
simple process 

High cost of high-temperature heat exchanger; 
complexity of plant system 

Inverse gas 
turbine 

Good degree of efficiency potential; wide 
range of fuel sources 

Low grades of efficiency; development just starting; 
complexity of plant system 

Micro gas 
turbines 

High exhaust gas temperature; acceptable 
grades of efficiency possible 

Gas compressor required; use of lean gas not yet 
possible 

Fuel cells 
(SOFC) 

Very high grades of electrical efficiency 
possible; high exhaust gas temperatures; 
internal reformation 

High internal temperatures; problems with reliability/ 
durability of material; long heating up periods; use of 
lean gas not yet sufficiently tested 

Thermoelectric 

generator 

Noise free; low maintenance requirements; no 
support energy required; black start possible 

Very low grades of efficiency 
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only. In the performance range up to an electrical 
capacity of 50 kW, internal combustion engines 
together with micro gas turbines currently represent 
the most advanced technology for the cogeneration of 
heat and power by the use of liquid or gaseous biofuels. 
However, up to now only landfill gas, sewage gas, 
or biogas with a calorific value between 3.5 and 

o 

11.7 kWh/m may be used as fuel. The use of lean gas 
is still not possible. For the use of solid biofuels the 
greatest potential for an introduction to the market, in 
the medium term, is attributed to the Stirling engines as 
these can be integrated into existing furnaces without 
major reconstruction measures. Nevertheless, the elec¬ 
trical efficiency rates that can be achieved with this 
technology (up to 20%) are rather low and the tech¬ 
nology is still not market mature. Any noticeable mar¬ 
ket penetration by the remaining technologies over the 
next 5-10 years would seem at least doubtful. 

Among the drawbacks hindering market penetra¬ 
tion are first of all the high investment costs for CHP 
plants, due to low numbers and resulting high unit 
costs, as well as technical problems related to the inho¬ 
mogeneous structure of biomass and furthermore, in 
comparison to gas or oil, the high proportion of non¬ 
combustible contaminants. This leads to the currently 
very low operational lifespan of the plants, low electri¬ 
cal efficiencies, frequent servicing intervals, and a high 
level of maintenance and operating costs. 

Potential Fields of Application 

Throughout Europe the greatest potential for micro 
cogeneration plants is seen in buildings with central 
heating systems. This means that the conventional gen¬ 
erator of heat is replaced by the CHP plant. The heat 
generated is used for space heating, the supply of hot 
water and cooling systems for buildings, whereas the 
electric power generated is primarily used to cover own 
electricity requirements. 

A positive economic effect in this context comes 
from applications with a year-round constant demand 
for heat and the resulting increase in full-load operat¬ 
ing hours as well as from applications with a high 
electric base load, which reduce the amount of external 
electricity supplies to be purchased and at the same 
time reduce the amount of power produced that has 
to be fed into the grid, usually at a lower price. 


In addition to the high investment costs an eco¬ 
nomic operation is currently still impaired by compar¬ 
atively high servicing and maintenance costs for 
biomass-based systems, the often low electrical effi¬ 
ciencies of less than 20%, and the resulting unfavorable 
balance between thermal and electrical output (for 
biomass micro CHP plants the thermal output is 
usually greater than the electrical output by a factor of 
3.5-10). 

Two promising application fields can be 
distinguished. 

Private Household Sector The economic use of 
micro CHP plants in private households proves to be 
difficult at the present stage of development despite the 
high potential for primary energy cost savings. For 
small single-family dwelling houses, the returns from 
electricity feed-in or own use are often not sufficient to 
amortize the high cost of initial investments in the 
plant. 

The heat-controlled operation in combination with 
increasingly available solar powered hot water supplies 
often result in full-load operating hours of the CHP 
plant which allow for the 2,000 h/a to be reached only 
with the aid of large heat buffers and very low heat 
output of below 10 kW thermal capacity. An economic 
operation of a CHP plant will hardly be possible on 
this basis. 

The combined generation of heat and power in 
single-family dwelling houses is in general economi¬ 
cally only viable when the power generated is used to 
cover own demand, with simultaneous use of the heat. 
With heat-controlled operation of the plant, the usually 
rather intermittent demand for heat and in part 
strongly varying patterns in the demand for heat and 
power, only a small portion of the own demand for 
electricity can be covered by micro CHP plants - also as 
the necessary electric power storage devices are not yet 
available. 

A possible remedy in this respect could be pro¬ 
vided by the thermal storage devices available, as 
a standard, with biomass fuelling and local energy 
and load management systems. Active load manage¬ 
ment should be able to offer opportunities to adapt 
the charging cycle of the heat storage device to the 
electric load profile in such a way that the CHP 
plant can produce, if possible, large supplies of 
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electric power during periods of high electric load. 
Similarly, should the operating periods for major 
electrical appliances (e.g., washing machines, dryers) 
be changed in such a way that peak loads do not occur, 
and that during other times the equipment is operated 
with otherwise lower electrical and thermal loads, 
while the heat storage device is being recharged. 

In special cases, biomass-based micro CHP in the 
lower capacity range can already today offer a clear 
advantage compared to fossil fuel systems. Such 
applications include, for example, isolated operation 
in remote regions (e.g., mountain lodges). These 
often do not have any access to the power grid 
and as a result often have low electric loads, and 
due to their location do usually have better access 
to wood as a fuel than to fossil energy sources. In 
such cases, a biomass micro CHP designed for 
isolated operation and without or only low elec¬ 
tricity demand offers the possibility for an efficient 
supply of heat and power. 

Small Business and Community Facilities In con¬ 
trast to single-family dwellings, micro CHP plants can 
be operated significantly more economically in small 
manufacturing businesses and office buildings as 
well as in community objects, such as administrative 
offices, due to an overall greater supply and often the 
possibility of being able to significantly better predict 
the demand for heat and power. Beside the demand 
profile for heat - which should be evenly distributed 
over the year, if possible - the demand profile for 
electric power plays a key role in the evaluation of 
micro CHP plants under these conditions. Applica¬ 
tions with a largely simultaneous demand for heat and 
power are suitable for cogeneration just as much as 
those, where the CHP plant can be used to cover the 
electric base load. The most suitable applications 
include: 

• Community facilities (administration buildings; 
swimming pools; hospitals) 

• Industry and commercial buildings (hotels; office 
buildings; small supermarkets) 

Future Directions 

Technologically. In order to be able to capture the 
existing market potential, the present-day concepts 


for micro cogeneration need to be further developed 
in some essential points. In general, developments are 
required in the electrical output range of 0.5-2 kW, 
5-10 kW, and 20-50 kW in order to be able to respond 
to the different profiles in the demand for heat energy 
(households, small multiple housing units and small 
public buildings, medium-sized and larger public and 
social institutions, as well as small- and medium-sized 
enterprises). 

A high degree of reliability with low maintenance 
costs is required for all applications. Especially in the 
two lower performance ranges should servicing be 
required only once a year (as a maximum) and opera¬ 
tions should be running fully automatic. More frequent 
servicing and controls for larger plants are possible 
provided if they result in limited work and, most 
importantly, limited costs. All concepts should be 
designed in such a way that heat can be provided 
independent of the supply of power. As the systems 
are in general operated heat controlled - and only 
a charging period for the heat storage device can be 
stipulated - any additional costs in comparison to 
a pure heat generator must be limited. Correspond¬ 
ingly, the specific costs per kW thermal energy should 
only increase (as a maximum) by the amount of savings 
achieved in the cost of electricity supplies. 

For the installation in residential buildings, it is 
mandatory to provide for a sound-insulation casing 
and the overall system should be designed in such 
a way that it requires as little space as possible (includ¬ 
ing fuel storage), and it should be easy connectable to 
the existing domestic network (in particular connec¬ 
tion to an existing buffer system, with or without solar 
system). In order to ensure optimal operation - even 
more so than in the case of biomass furnaces - 
attention needs to be paid to optimizing controls, 
including coordination of demand and operating 
periods of the plant. Subject to these preconditions, 
micro CHP plants powered by solid biofuels can and 
will gain in importance in the future - initially only in 
niche sectors, but with rising costs of energy later on 
also more widely. 

Biofuels. A high tolerance for the quality of the 
biomass in use is one of the major factors for the future 
relevance of biomass for micro cogeneration. Systems 
with high requirements on fuel quality, like it is com¬ 
mon for the use of solid biomass, will primarily be 
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established in Central Europe and maybe Northern 
America. For the remaining regions, the establishment 
of a market for these fuels is at least very doubtful. 

Technologies that could be used with locally avail¬ 
able fuels seem to have the greater global potential for 
decentralized biomass-driven micro cogeneration. 
Therefore, systems consisting of a conversion stage, in 
which a fuel gas is produced, and a subsequent use of 
the gas in the cogeneration unit appear best suited for 
this. According to the actual stage of deployment, 
micro anaerobic digestion, and micro gasification 
could play a particular role in the production of the 
fuel gas. Ligneous biomass as well as organic waste can 
be used as raw materials. The combined generation of 
heat and power can take place in a downstream micro 
CHP unit. All the technologies mentioned in the sec¬ 
tion “Market survey” will be usable for this purpose. 
Due to existing long time experience, large production 
and service infrastructure and the generally lower spe¬ 
cific costs internal combustion engines and micro gas 
turbines have clear advantages. 

Building automation. The future spread of biomass 
micro CHP plants can be further supported by the 
increased use of active systems for building automation. 
In combination with suitable heat storage devices, active 
systems for building automation allow a power- 
controlled operation of the CHP plant just as well as 
electricity storage devices allows a thermal-controlled 
operation. Both approaches offer the greatest possible 
reduction in the amount of electricity that needs to be 
fed into or taken out of the grid. 

Such systems - in the course of pending refurbish¬ 
ment measures - can however be retrofitted together 
with all the associated effects on existing electrical 
equipment and the building s power supply, particu¬ 
larly in the case of larger buildings. The integration into 
existing single-family dwelling houses will rather be the 
exception. Ideally these systems should be taken into 
consideration already at the planning stage. 

Economically. Independent of the political measures 
taken to improve the economic viability of mini-CHP 
plants compared with other options, the investment costs 
for cogeneration units have to decrease substantially, 
while servicing intervals have to be lengthened signifi¬ 
cantly also to lower ongoing operating costs. In particu¬ 
lar, for plants in which biomass is used the still rather high 
specific costs and short servicing intervals do obstruct 


any noticeable market penetration. The high costs and 
resulting long amortization periods do represent a major 
obstacle, especially for the private sector. 

Politically. In order to achieve the stated climate pro¬ 
tection targets, the further development of mini-CHP 
plants is supported through governmental support pro¬ 
grams - at least in European countries that are considered 
to be the driving force for decentralized cogeneration of 
heat and power in the lower performance ranges. In 
Germany a bonus of 0.0511 €/kWh is granted for all 
electricity produced through cogeneration, and therefore 
also for the proportion used to cover own demand. 
Similar programs can currently be found in Great Britain 
and in The Netherlands. However, the market develop¬ 
ment during recent years have shown that the market for 
mini-CHP plants presently still depends on political sup¬ 
port; for example, in Germany between autumn 2008 and 
the end of 2009 approximately 7,000 new mini-CHP 
plants were installed - following discontinuation of the 
subsidy program it came to a massive reduction in the 
number of newly installed units. 
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Glossary 

AER Adsorption enhanced reforming, dual fluidized 
bed gasification process for generation of producer 
gas with high hydrogen content. 

Allothermal gasification Heat necessary for the 
gasification process is generated externally and 
delivered to the gasifier by a heat exchanger or 
a heat carrier media. 

ASF Anderson Schultz Flory distribution, mathemati¬ 
cal model for Fischer Tropsch product distribution. 
Autothermal gasification Heat necessary for the gas¬ 
ification process is generated in the same reaction 
chamber where the gasification reactions take place. 
Biofuel Solid biogeneous material used as feed for 
gasification or fuel for transportation with 
biogeneous origin. 

CHP Technology for combined heat and power 
production. 

CV Calorific value, energy content of a fuel given in 
MJ/kg or MJ/m 3 . 

DME Dimethylether, proposed gaseous biofuels for 
transportation. 

Fuel oriented Process for maximizing fuel 
production. 


FT Fischer-Tropsch, synthesis reaction proposed for 
the production of liquid biofuels. 

IGCC Integrated gasification combined cycle, process 
for maximized electricity production via 
gasification. 

Large scale Large scale refers here to gasification 
plants with capacities larger than 10 MW fuel 
input and able to be up-scaled up to or above 100 
MW fuel input. 

ORC Organic Rankine Cycle, process for electricity 
production from heat. 

Polygeneration Process for generation of at least three 
different products in one plant at the same time, 
e.g., heat, electricity, and biofuels. 

Producer gas Gas produced in a gasification process. 
R&D&D Research and development and 
demonstration. 

SNG Synthetic natural gas, gas produced from solid 
biomass via gasification with a quality comparable 
with natural gas. 

Syngas (synthesis gas) Producer gas upgraded for 
synthesis processes. 

Synthetic Produced by synthesis reactions. 

Synthetic biofuel Biofuel for transportation purpose 
produced via gasification followed by synthesis 
processes. 

Definition of the Subject 

It is commonly agreed that gasification of biomass has 
a large potential for a more sustainable energy system 
in the future. However, a lot of research and demon¬ 
stration efforts have been carried out during the last 
three decades but there are only a few gasification 
technologies which are available commercially at the 
market so far. In the 1980s and 1990s CHP (combined 
heat and power) production based on gasification has 
been investigated intensively and several different tech¬ 
nologies have been demonstrated in an industrial scale. 
In the last decade, research and development in bio¬ 
mass gasification have been focused mainly on the 
production, cleaning, and upgrading of producer gas 
to synthesis gas (syngas) quality and several synthesis 
reactions have been studied especially those leading to 
biofuels for the transportation sector. 
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This paper gives an overview about the state of 
development for large-scale biomass gasification and 
applications of the producer gas for electricity and/or 
biofuels production. Small-scale gasification is not 
tackled in this contribution. Large scale refers here to 
gasification plants with capacities larger than 10 MW 
fuel input and able to be up-scaled up to or above 100 
MW fuel input. In this scale plants for electricity 
production can be considered as commercially avail¬ 
able whereas technologies for biofuels production are 
still under development or demonstration. 

Starting with fundamentals of biomass gasification 
and basic definitions gasification reactors for biomass 
proposed or used so far for large scale are described and 
characterized briefly. The resulting producer gas com¬ 
position depends on a lot of parameters, therefore, the 
gas composition of only the most frequently utilized 
gasifier configurations are discussed. These configura¬ 
tions cover more or less the whole range of gas com¬ 
position of the different gasifiers used so far. Gas 
cleaning as a crucial part in each process based on 
biomass gasification is dealt together with typical 
applications for electricity or biofuels production. It is 
neither possible nor useful to describe all configura¬ 
tions which can be found in literature. Therefore, the 
available information is summarized and typical gas 
cleaning strategies are presented. Finally, the most 
important synthesis reactions are described and com¬ 
plex biofuel production routes are shown. These pro¬ 
cesses are based mainly on catalytic reactions at 
elevated pressures and temperatures. The requirements 
for syngas are extreme especially in terms of sulfur 
contents as these substances are poisons for most of 
the catalysts used. Furthermore, hydrogen to carbon 
monoxide ratio has to be in a certain range in order to 
get high yields of the desired products. 

Two different strategies can be followed for biofuels 
production: fuel orientation or polygeneration. Fuel 
orientation means to optimize the process for maximiz¬ 
ing the yield of biofuels. Polygeneration means the pro¬ 
duction of at least three different products, normally in 
case of gasification heat, electricity, and biofuels. 

Introduction 

In the 1980s and 1990s combined heat and power 
(CHP) production was the main technology which 


has been investigated and a lot of different demon¬ 
stration plants were built and operated [1-3]. A lot 
of experience could be gained during this time and 
several plants are able to reach availabilities up to 
90%. One of these successful technologies is the dual 
fluidized bed gasifier which was demonstrated for the 
first time in Gussing/Austria and is now realized in 
several other industrial plants at a scale of 10-25 MW 
fuel input in Austria and Germany [4, 5]. The main 
obstacles for a broad commercialization are still the 
lack of sufficient experience and several “negative 
examples” in the last years. Therefore, for electricity 
generation, there is still the problem to show a real 
economic advantage compared with combustion- 
based technologies for potential investors like, for 
example, energy utilities. 

During the last years R&D efforts have been 
directed more and more toward synthesis gas 
(syngas) production from biomass via gasification. 
Syngas consists mainly of hydrogen and carbon 
monoxide and is used to produce synthetic mate¬ 
rials such as synthetic biofuels. Contrary to CHP, 
there is no competition with combustion technolo¬ 
gies (e.g., production of Fischer-Tropsch fuels) and 
the market introduction is expected to be much 
easier. The most advanced and intensively investi¬ 
gated biofuel syntheses are Fischer-Tropsch (FT) 
synthesis, methanol synthesis, and mixed alcohol 
synthesis, leading to liquid biofuels. Additionally, 
synthesis processes leading to synthetic natural gas 
(SNG) and dimethylether (DME) and thus resulting 
in a gaseous product are also under intensive inves¬ 
tigation. Recently, the first demonstration plant for 
SNG-production from biomass went into operation 
in Giissing, Austria. 

Figure 1 shows a general process flow sheet for the 
possibilities of producer gas or syngas utilization. The 
simplest case is the combustion of producer gas for 
industrial heat or for co-firing as nearly no producer 
gas cleaning or upgrading is necessary. Most applica¬ 
tions try to produce combined heat and power where 
a tar and particle reduction has to be foreseen. The 
production of synthetic products requires a specific 
gas composition (e.g., hydrogen to carbon monoxide 
ratio) and an ultra clean gas. Therefore, an extensive 
gas cleaning and gas upgrading is necessary in most of 
these cases. 
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Possibilities for producer gas utilization 


Instead of the generation of single products from 
producer gas combinations of different products are 
the more promising way for future applications. Due 
the fact that CHP (combined heat and power) produc¬ 
tion is already established, the combined production of 
heat, power, and even one or more synthetic products 
are under development. Such concepts are called 
polygeneration or also biorefineries. The gasification 
is the key technology for these concepts. 

Gasification: Principles 

Much work has been published in this field, and a lot of 
information is available in numerous books and jour¬ 
nal papers [3-5, 10, 12] . Therefore, a short summary of 
the most important principles is presented below to 
give a review of the current state of the art on gasifica¬ 
tion reactions and reactor design. 

Figure 2 shows the processes which a biomass par¬ 
ticle undergoes during gasification. All steps such as 
drying, devolatilization, and also gasification of the 
remaining char are endothermic reaction and, there¬ 
fore, heat has to be supplied to make them running. 
Another important fact which has to be taken into 
account for the design of gasification reactors is the 
release of volatiles. About 80% of the weight of biomass 
is released during devolatilization and only about 20% 
remains as char. For one particle, all processes are 
running consecutively and not in parallel. 

In case of pyrolysis, the reaction is stopped after 
devolatilization (Fig. 2). Then three products are avail¬ 
able: char, condensable volatiles (pyrolysis oil), and 
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Biomass Gasification for Electricity and Fuels, Large 
Scale. Figure 2 

Processes during gasification of a single particle 


gases. Such a pyrolysis is well known as own thermal 
conversion process but also as pretreatment step for 
gasification. The latter application is even more impor¬ 
tant as for most large-scale gasification processes based 
on entrained flow gasification a pyrolysis step is 
foreseen. 

Table 1 contains basic chemical reactions which 
take place in each gasification reactor in order to gasify 
the remaining char after devolatilization. By using 
a specific gasification agent, the producer gas compo¬ 
sition can be influenced. But the most commonly used 
gasification agent in biomass gasification is still air. 
This means that the producer gas contains a lot of N 2 
which is only a dilution as N 2 cannot be used in any of 
the presently known applications. Other gasification 
agents - that lead to high-grade producer gas without 
N 2 - are pure oxygen, steam, carbon dioxide, and 
hydrogen (see Table 1 or Fig. 3). 
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Biomass Gasification for Electricity and Fuels, Large 
Scale. Table 1 Gasification agents for char gasification 
and resulting products 
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Gasification agents 

Products 
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Biomass Gasification for Electricity and Fuels, Large 
Scale. Figure 3 

Classification of gasification processes based on heat 
supply and gasification agents (CV calorific value) 


In case of air as gasification agent autothermal 
gasification is realized. This means that the necessary 
heat for gasification is produced by partial combus¬ 
tion of the biomass in the same reaction chamber. 
Another option is a mixture of steam and oxygen to 
obtain a nitrogen-free producer gas; this possibility 
is normally applied in large-scale coal gasification 
(Fig. 3). 

To avoid an air separation unit another approach has 
been established. This process is based on allothermal 
gasification. This means that the heat necessary for gas¬ 
ification is supplied indirectly via a heat exchanger or 
a circulating heat carrier. Both types are currently under 
investigation and also demonstration plants have been 
built. 

In case of poly-generation, the requirements on 
the syngas quality are defined by the most stringent 
application. And for the provision of heat, electricity, 
and biofuels, this is normally the quality defined by 


Biomass Gasification for Electricity and Fuels, Large 
Scale. Table 2 Requirements for syngas 


Requirement 

Measure 

Low content of inert gases 
(e.g., nitrogen) 

Gasification agent steam/ 
oxygen 

Optimal H 2 /CO ratio 

Steam gasification (dual 
fluidized bed) 

Shift reaction downstream 

Low tar content 

High-temperature 

gasification 

Tar removal downstream 

Mostly, low methane 
content 

High-temperature 

gasification 

Methane reforming 
downstream 

Low content of catalysts 
poisons (e.g., sulfur, 
chlorine) 

Removal downstream 
(Capture in fluidized bed 
gasifier) 

Mostly, medium or high 
pressure necessary 

Pressurized operation 
mostly beneficial 

Downstream compression 


the synthesis reactions for the production of biofuels. 
From such a clean syngas - a mixture of mainly 
hydrogen and carbon monoxide together with carbon 
dioxide and other minor components - several inter¬ 
esting synthetic substances can be produced. Cur¬ 
rently, the most interesting products are biofuels 
such as FT-diesel and methanol which are liquid 
products whereas DME and SNG are gaseous. All 
four reactions need catalysts which are normally 
extremely sensible to poisoning, e.g., by sulfur com¬ 
ponents. Furthermore, the temperatures are in the 
range of 200-400° C and a pressurized operation is 
desirable or necessary. 

There are a lot of requirements on the composition 
of the syngas and the impurities. Table 2 contains some 
of these requirements. First of all inert gases which are 
not involved in the reactions should be avoided. For 
example air as gasification agent leads to about 50% of 
nitrogen in the syngas which is no educt or reaction 
agent for none of the synthesis reactions. Therefore, 
steam or oxygen/steam mixtures are preferable gasifi¬ 
cation agents. Additionally the different synthesis 
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reactions need different stoichiometric H 2 to CO 
ratios. Even due to the fact that in practice the ratio 
differs from these stoichiometric values slightly, in any 
case a certain H 2 to CO ratio is necessary for an optimal 
operation. Also low tar contents and mostly also low 
methane contents (exception methanation) are benefi¬ 
cial. The most serious requirements are the avoidance 
of poisoning of the catalyst due to sulfur or other 
undesired components in the syngas. For example, 
sulfur has to be removed from the syngas down to 50 
ppb(v) to reach a long-term operation with sufficient 
high yields of the desired products [8, 9]. Finally, gas¬ 
ification systems which allow pressurized gasification 
are well suited for syngas production as almost all 
synthesis reactions are operated under pressure. An 
alternative way to the last requirement is a downstream 
compression of the gas. 

Suitable Types of Gasifiers 

After definition of requirements for a well-composed 
producer gas, different types of gasifiers are presented 
that have been used or currently under development 
and demonstration for biomass gasification. Gasifiers 
are normally classified based on fluid mechanic prop¬ 
erties in fixed bed, fluidized bed, and entrained flow 
gasifiers [10]. This classification is used here too. As 
producer gas from air-blown gasifiers is not suitable for 
syngas production, these gasifiers are not discussed in 
detail below. 

Fixed Bed Gasifiers 

Fixed bed gasifiers are used for producer gas generation 
from coal, e.g., at Sasol, South Africa. Furthermore, 
fixed bed gasifiers were also operated at “Schwarze 
Pumpe,” Germany, for gasifying waste. These gasifiers 
have been shut down recently but a lot of experience is 
available from the operation over many years. 

A schematic figure of a typical fixed gasifier can be 
seen in Fig. 4. For large-scale gasifiers only an updraft 
operation has been used. The operation in case of 
“Schwarze Pumpe” can be characterized as follows [ 12] : 

• Solid waste has been used (e.g., plastics, 
sewage sludge, fluff from cars, paper and industrial 
plastics, contaminated wood, municipal solid 
wastes). 
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Typical arrangement for fixed bed gasifiers after [12] 


• Solid fuel is required in lumpy form (20-80 mm) to 
facilitate the counter-current flow of rising pro¬ 
ducer gases and descending solids. 

• Briquetting, pelletizing, or further suitable methods 
of fuel agglomeration are required. 

• Internal diameter within the gasifier has been up to 
4.0 m. 

• Pressurized operation of the gasifier has been real¬ 
ized (e.g., 25 bar). 

• A mixture of steam and oxygen has been used as 
a gasification agent. 

Currently, no intensive research and development 
efforts are carried out in the field of large-scale fixed 
bed gasifiers for producer gas generation from biomass. 

Fluidized Bed Gasifiers 

For fluidized bed gasifiers, a bed material is used which 
guarantees a stable fluidization and provides excellent 
heat and mass transfer conditions. This bed material 
can have further functions; it can act, e.g., as catalyst for 
the gasification reactions or as a carrier for, e.g., C0 2 in 
case of the AER (adsorption enhanced reforming) 
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process. The gas necessary for fluidization serves as 
gasification agent. 

Dependent on superficial gas velocities and bed 
material diameter two types of fluidized beds are dis¬ 
tinguished: stationary (bubbling) and fast (circulating) 
fluidized beds. By combining two of this fluidized bed 
types dual fluidized bed configurations can offer fur¬ 
ther advantages for syngas production [3]. 

Stationary (bubbling) fluidized beds use bed mate¬ 
rials with a mean particle diameter between 0.5 and 

1 mm und superficial velocities typically between 
1.5 and 2.5 m/s. Bed heights range from 0.5 to 

2 m followed by a freeboard with a height of 
several meters. Steam/oxygen mixtures are used as 
gasification agents. This gaseous mixture is blown 
via a plenum and distributor into the bed. But also 
other types of gas introduction into the fluidized bed 
can be found. 

The solid biofuels are fed directly into the fluidized 
bed or thrown onto the bed to get an intensive contact 
with the bed material especially in the case of catalyt- 
ically active materials. The producer gas leaves the 
gasification reactor via a freeboard where further gas- 
to-gas reactions take place. The gas is cooled and the fly 
ash is separated from the gas by a cyclone or any other 
type of particle precipitator. If ash also accumulates in 
the bubbling bed, a bed ash removal has to be foreseen. 
A typical cross-sectional view of a bubbling fluidized 
bed gasifier is shown in Fig. 5. 

Fast (circulating) fluidized bed gasifiers (Fig. 6) 
operate at superficial velocities between 6 and 10 m/s 
and use smaller bed particles in the range of 0.2-0.4 
mm compared to bubbling fluidized beds. There is no 
distinct bed height. But the total reactor is filled up 
with a gas/particle suspension varying in density over 
height. Bed material is continuously entrained at the 
top of the gasifier. It is returned again via a (primary) 
cyclone and a return leg to the reactor. Therefore, this 
type is also called circulating fluidized bed. Air or 
steam/oxygen mixtures are used as fluidization as well 
as gasification agent. However, the right descritpion of 
the fluidization state is not circulating fluidized bed but 
fast fluidization. 

Another type of fluidized bed gasifier for large scale 
is the so-called dual fluidized bed gasifier. This type has 
got several specific advantages especially for syngas 
production and is currently investigated in different 
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forms all over the world. By combining the fluidization 
states (bubbling, fast) three possible configurations of 
dual fluidized beds are possible: two bubbling beds 
[14], a bubbling bed/fast fluidized bed [7], and two 
fast fluidized beds [18]. All these configurations are 
under development for producer gas generation. In 
Fig. 7 a dual fluidized bed gaisifier with a bubbling 
fluidized bed and a fast fluidized bed is presented. 

Dual fluidized bed gasifiers allow producing a gas 
free of nitrogen without the necessity of pure oxygen. 
One fluidized bed is dedicated for gasification (fluid¬ 
ized with steam) while the other one is designed for 
combustion (fluidized with air) in order to generate the 
heat for gasification. The transport of heat from the 
combustion to the gasification bed is carried out by 
circulating the bed material. 

In addition to this there are also dual fluidized bed 
systems using alternative heat transport systems with 
high-temperature heat exchangers (e.g., heat pipe 
reformer) [11] which is currently rather dedicated to 
the small and medium scale. 

Typical features of fluidized bed gasification can be 
summarized as follows: 

• Temperatures: 700-900° C 

• Capacities: 10-200 MW fuel power 


• High fuel flexibility 

• Various kinds of fuels, fuel particles size (1-50 
(100) mm), large range of ash content and water 
content 

• Problems with very fine particles and/or low ash 
melting behavior 

• Medium tar content 

Q 

• Without measures: 1-20 g/Nm dry gas 

• With measures (catalytically active bed material): 
< 1 g/Nm dry gas 

• CH 4 content of about 10% (well suited for SNG 
production) 

• Well suited for co-firing, CHP, and IGCC (integrated 
gasification combined cycle) 

Entrained Flow Gasifiers 

Within entrained flow reactors, the gasification of the 
biomass particles takes place within a few seconds 
during pneumatic transport through the reactor. This 
requires small biomass particle diameters and high 
temperatures to complete the gasification reactions 
within this short time. Figure 8 shows a typical config¬ 
uration of an entrained flow gasifier. 

The fuel is typically fed from the top together with 
the gasification agent (steam/oxygen). In the upper 
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part gasification is carried out, and in the lower part 
the producer gas is quenched and separated from the 
ash particles. The ash is withdrawn from the bottom 
in granulated form. Producer gas is leaving the reactor 
at the lower part and can be further upgraded to 
syngas. 
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Biomass Gasification for Electricity and Fuels, Large 
Scale. Figure 8 

Entrained flow gasifier after [10] 


The most important characteristics for entrained 
flow gasifiers are: 

• High temperatures (> 1,200° C) 

• Very small fuel particle diameters are necessary 
(<1 mm) 

• Fuel pretreatment necessary (e.g., grinding, 
torrefaction, pyrolysis) 

• Pressurized operation easily possible (e.g., 25 bar) 

• Very low tar content within the producer gas (< 10 
mg/Nm dry gas) 

• Low methane content in producer gas (<1%) 

• Currently for large scale application and 
especially for liquid biofuels production (e.g., FT- 
Fuels or DME from black liquor) under discussion 

Producer Gas Composition 

The composition of producer gas from biomass via ther¬ 
mal-chemical gasification is mainly dependent on the 
type of gasification agent and type of reactors presented 
above. Table 3 contains typical ranges of the syngas com¬ 
position from an air-blown gasifier, a low-temperature 
atmospheric steam-blown dual fluidized bed gasifier, low- 
temperature pressurized oxygen-/steam-blown fluidized 
bed gasifier, and high-temperature pressurized oxygen-/ 
steam-blown entrained flow gasifier. 

The main differences are the nitrogen content, the 
hydrogen/carbon monoxide ratio, and the methane 
content. The nitrogen content is high for air-blown 
gasifiers. This producer gas can only be used for heat 


Biomass Gasification for Electricity and Fuels, Large Scale. Table 3 Typical ranges of syngas composition [8] 
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and/or electricity production. This producer gas is not 
beneficial for biofuels production. The hydrogen/ 
carbon monoxide ratio is highest for the dual fluidized 
bed gasifier and the lowest for the entrained flow gas¬ 
ifier (except air-blown gasifiers). In case of methane, 
the lowest content can be seen for the entrained flow 
gasifier and much higher levels for both low- 
temperature fluidized bed gasifiers. This makes 
entrained flow gasifiers most suitable for the produc¬ 
tion of a syngas for, e.g., Fischer-Tropsch (FT) fuels 
and low-temperature fluidized bed gasifiers have clear 
advantages for SNG production. 

For each of the synthesis reactions, an optimal H 2 /CO 
ratio is necessary to obtain a maximum yield of the 
desired product. As most of the gasifiers are not able to 
produce a syngas with the desired H 2 /CO ratio, this ratio 
has to be adjusted before entering the synthesis reactor. 
This is normally achieved with a water shift reaction 
that requires an additional step and, therefore, 
additional costs. In case of a dual fluidized bed reactor, 
this adjustment can be performed directly in the 
gasification reactor. 

Using calcite (calcium carbonate) as bed material, the 
so-called AER (absorption enhanced reforming) process 
can be realized. The process arrangement is shown in 
Fig. 9. In the combustion reactor operated at a temper¬ 
ature of about 900° C C0 2 is split off from CaC0 3 to 


form CaO. CaO is circulated to the gasification reactor 
which is operated typically at temperatures between 
640° C and 720°C. In this reactor gasification takes 
place. Here, the C0 2 produced during the gasification 
process is captured by CaO to form again CaC0 3 . By 
removing C0 2 from the gasification reactor addition¬ 
ally H 2 is produced by the water gas shift reaction. With 
this process, a hydrogen-rich gas can be produced. 

A comparison of typical syngas compositions for 
the conventional dual fluidized bed process using oliv¬ 
ine as bed material and a gasification temperature of 
850° C and the AER process using CaC0 3 as bed mate¬ 
rial and a gasification temperature of 650° C can be seen 
in Table 4. As calcite is catalytically more active for tar 
reforming than olivine, the tar content is similar in 
both cases due to a lower temperature in case of calcite 
as bed material. In the last line of Table 4 the H 2 /CO 
ratio is presented. According to this, the ratio is about 
five times higher in case of AER operation compared to 
conventional dual fluidized bed operation. 

The AER operation leads to an extremely high H 2 / 
CO ratio which is much higher than necessary for most 
of the synthesis reactions under discussion so far. By 
increasing the gasification temperature continuously 
the C0 2 capturing is reduced and, therefore, also 
the H 2 /CO ratio (Fig. 10). This ends finally at a similar 
H 2 /CO ratio as it is observed with olivine at 
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Biomass Gasification for Electricity and Fuels, Large 
Scale. Table 4 Comparison of conventional dual fluidized 
bed/AER (absorption enhanced reforming) 
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— 
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Biomass Gasification for Electricity and Fuels, Large 
Scale. Figure 10 

Adjustment of the H 2 /CO ratio by primary measure [22] 

a temperature of 850°C. Then the C0 2 capture is small 
and can be neglected. 

Options to Use the Producer Gas 

Based on the statements discussed above typical syngas 
applications for electricity and fuel production are 
presented below. Electricity production via gasification 
can be considered as proven technology in large scale 
whereas for fuel production only demonstration plants 
are available so far. The chapter follows a very general 
and systematic approach as too many different plant 
configurations were proposed in the past. Due the fact 


that presenting all this different plant configurations 
would be too confusing, only a few successful technol¬ 
ogy routes are shown. 

Power Production 

Gasification offers several advantages for power pro¬ 
duction from biomass compared to combustion. These 
advantages are mainly: 

• Possibility for utilization of applications of efficient 
power generation technologies dedicated for gas¬ 
eous fuels also for solid biomass 

• High electrical efficiencies in case of combined heat 
and power production 

• Much easier handling of gaseous fuel compared 
with solid fuels 

Generally, producer gas cleaning is still one crucial 
point in all gasification applications. Therefore, those 
processes using simple and reliable process steps espe¬ 
cially for gas cleaning are already more advanced than 
others. 

Co-firing in Coal Power Stations The most basic 
option of power production via gasification 
concerning gas cleaning is co-firing of the producer 
gas in existing power stations. The motivation of this 
application is the reduction of C0 2 emissions due to 
replacement of a hard coal or lignite by biomass and/ 
or economic advantages by using cheap waste fuels. In 
this case, the producer gas is normally not cooled and 
blown directly (i.e., without any cleaning like, e.g., tar 
or particle reduction) into the combustion chamber 
of a pulverized coal-fired power station (Fig. 11a). In 
such power plants circulating fluidized bed air- 
blown gasifiers with capacities between 50 and 100 
MW fuel input are used. With such biomass or 
waste gasifiers up to 20% of energy of coal can be 
substituted by biomass or waste. Several successful 
plants are in operation and lots of experiences are 
available (e.g., Lahti plant, more than 70,000 h of 
operation) [10, 12]. 

However, there are also other examples where such 
a very simple solution with no gas cleaning cannot be 
applied. If, e.g., the fly ash of the coal-fired power plant 
is used and has to have a certified quality, particles in 
the producer gas have to be removed before entering 
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Typical arrangements for co-firing in coal power stations using biomass gasification 
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Typical selected process chains for combined heat and power production 


the combustion chamber of the power plant. In 
this case, a gas-cooling device followed by a particle 
separation could be integrated within the overall con¬ 
cept (Fig. lib). Here problems might occur due to tar 
condensation and fouling in the producer gas 
ducts [23]. 

Combined Heat and Power Generation Combined 
heat and power (CHP) generation is applied if high 
overall energy utilization degrees are desired. Normally, 
the higher the electrical output at the same overall 
energy utilization degree the higher is the economic 
performance of such a plant. Processes using gasifica¬ 
tion allow comparable high electrical outputs and high 
overall energy utilization degrees at the same time 
which is not always the case for combustion-based 
systems. 


For combined heat and power generation, the pro¬ 
ducer gas is fed into gas engines or gas turbines. Cur¬ 
rently, such applications have been implemented in the 
small as well as in the large scale (e.g., in the capacity 
range of 10-25 MW fuel input). In general, such plants 
consist of gasification, gas cooling, gas cleaning (tar 
and particle separation), and utilization of the clean 
and cold gas in gas engines. Electrical efficiencies 
between 20% and 30% and overall energy utilization 
degrees of 75-80% can be achieved [3]. 

The most important process chains used currently 
or proposed for gas cleaning in case of heat and power 
production are summarized in Fig. 12. The different 
options are discussed below. 

Currently, most installations apply cold gas or wet 
gas cleaning (Fig. 12a). The producer gas is generated 
in atmospheric air or steam gasification in fixed bed or 
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fluidized bed gasifiers. After leaving the gasifier, the 
producer gas is cooled down to 180-200°C. Here the 
cooler construction as well as the cooler operation 
conditions have to be selected carefully in order to 
avoid tar condensation and plugging of producer gas 
pipes and heat exchangers. At this temperature, parti¬ 
cles can be separated from producer gas by fabric filters 
or electrostatic precipitators. In some cases, pre-coated 
materials are used to protect the filter cloths from 
plugging with dust/tar mixtures. Another important 
parameter for a reliable operation of this cooling sec¬ 
tion is the dust to tar ratio. A certain ratio is necessary 
to keep the tubes and heat exchanger clean. To control 
this ratio, in some cases, ash is recycled and fed back 
into the gasifier together with the fuel. 

Scrubbing of the producer gas is carried out to 
remove most of the tar components. This cleaning 
step has made enormous technical advances during 
the last decades. For example, water scrubbers have 
been replaced by different kinds of solvent scrubbers. 
The solvent used (e.g., biodiesel) should be cheap and 
able to absorb high amounts of tar per liter solvent. The 
saturated solvent have to be withdrawn from the scrub¬ 
ber and can be burnt, e.g., in the combustion part of 
a dual fluidized bed gasifier. Further developments aim 
at the regeneration of the solvent to avoid the use of 
high amounts of scrubber liquids [13]. In such 
a scrubber, additional heat can be removed to get low 
temperatures of the producer gas ready for feeding it 
into the gas engine. 

In such an overall process (Fig. 12a), gas engines are 
used for electricity generation. Electrical efficiencies of 
gas engines are about 40% referred to the energy con¬ 
tent in the producer gas. Offgas temperatures of the gas 
engines are about 450-500°C. This energy is normally 
used for operating a district heating system or for 
industrial heating purposes. In gasification processes, 
high-temperature levels are also available as heat source 
as the producer gas has to be cooled down from about 
850° C to 200°C and flue gas from the gas engine from 
500° C to about 150°C. Therefore, nearly all processes 
which need heat can be satisfied. 

This gas cleaning strategy (Fig. 12a) is also applied 
at the allothermal dual fluidized bed steam gasification 
realized at the Gussing plant, Austria. 

Another producer gas cleaning strategy applied 
for combined heat and power generation is based 


on catalytic tar reforming [6, 21]. This strategy is 
also sometimes called dry gas cleaning as no scrubber 
is included into the process chain (Fig. 12b). Within 
such an overall process, the producer gas is not cooled 
down after gasification but led to a catalytic cracker 
for tar reduction. The temperature within such 
a device has to be above 800°C. The catalytic active 
compounds used within such a reactor are mostly 
based on metallic oxides (e.g., nickel, platinum) or 
nonmetallic oxides such as calcite and dolomite. This 
catalytic cracking can be carried out in downstream 
monolithic reactors or even combined in a fluidized 
bed gasifier using catalytic active bed material. In the 
latter case, the attrition of the catalysts can become 
a problem. So, attrition-resistant catalyst particles 
have to be applied [19]. 

After catalytic cracking of the tars, the gas can be 
cooled down without tar condensation problems. At 
low temperatures the particles will be removed by con¬ 
ventional particle separation systems according to the 
requirements defined by the gas engines. Again, the 
energy in the flue gas can be utilized for district heating 
or other heat demanding processes (e.g., industrial 
applications). 

Hot gas cleaning is most beneficial for pressur¬ 
ized gasification as it was demonstrated successfully 
at the Varnamo plant [10, 12]. Furthermore, this gas 
cleaning strategy has been developed in connection 
with gas turbine applications because the utilization 
of gas engines is limited to capacities below 10 
MW el (40 MW fuel input) and above this capacity, 
gas turbines have clear advantages. To avoid thermal 
energy losses, the producer gas is only partially 
cooled to temperatures where particle removal is 
economically possible (about 400-500°C). Particle 
separation is carried out with ceramic or metallic 
filter candles. Tar removal is not necessary as 
the producer gas is fed into a combustion 
chamber of the gas turbine at temperatures 
where no condensation takes place. Also, this fact 
leads to higher energy utilization as the 
energy content in the tar will be utilized. The 
heat in the flue gas at the exit of the turbine can 
be used for heat supply for heating applications but 
also for a steam process and additional power pro¬ 
duction in case of an IGCC process (see next 
chapter). 
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Power Production with IGCC Processes Highest 
electrical efficiencies can be obtained by using com¬ 
bined cycles. This means that electricity generation is 
carried out in two steps typically by a gas turbine 
process followed by a steam turbine process using the 
heat from the exhaust gas stream of the gas turbine. 
Such processes are well established for natural gas but 
can also be applied to producer gas from biomass 
gasification. Therefore, if a gasification process has to 
be integrated to convert solid biomass to a producer 
gas, the overall process is called integrated gasification 
combined cycle (IGCC). Due to the high complexity of 
an IGCC plant, this technology is only economically 
applicable for large scale (e.g., larger than 60 MW fuel 
input). 

Several different process routes for biomass IGCC 
plants have been proposed and also demonstrated. The 
combination of a gas and steam turbine has been real¬ 
ized in two different configurations: one based on pres¬ 
surized gasification and the other one on atmospheric 
gasification. Figure 13 shows these two different routes. 

The IGCC process based on pressurized gasification 
(Fig. 13a) has been successfully demonstrated at 
Varnamo with a capacity of about 18 MW fuel input 
[ 10, 12, 6] . Air-blown circulating fluidized bed gasifiers 
are well suited for IGCC processes. In case of pressur¬ 
ized gasification, a pressure of about 20 bar is suitable. 
The producer gas is cooled down to about 400-500°C 


and particles are separated at this temperature level 
(compare also Fig. 12c). The gas is fed into a gas turbine 
where about 4 MW el could be obtained from the elec¬ 
tricity generator in case of Varnamo. The exhaust gas of 
the gas turbine is used in a waste heat boiler to generate 
another 2 MW el with a steam turbine coupled to an 
electricity generator. Waste heat can be delivered to 
a district heating system. The overall electrical efficien¬ 
cies in future plants according to this electricity gener¬ 
ation route can be expected in the range of 30-35%. 

The IGCC process shown in Fig. 13b avoids pres¬ 
surized gasification and, therefore, all the problems 
connected with feeding of solid fuels against a pressure 
of 20 bars. The gas has to be cleaned (tar, particles) 
and cooled down to about ambient temperature. 
The gas cleaning processes shown in Fig. 12a and b 
can be used for this purpose. This cold and clean 
producer gas is compressed and fed into the combus¬ 
tion chamber of a gas turbine. The following part can 
be identical to the case shown in Fig. 13a. The overall 
electrical efficiencies will be a little bit lower than in 
case of a pressurized gasification. 

During the last years other combined cycles have 
been proposed and realized for the lower capacity rage 
of 10-30 MW fuel input. In this case, gas engines are 
used as explained above. Heat available in the whole 
process (cooling of producer gas, exhaust gas of the gas 
engine) are collected with the aid of a thermo-oil and 
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Two process chains for power production using IGCC 
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used for operation of an ORC (organic rankine cycle) 
process. Such plants are already realized with about 
30% of overall electrical efficiencies (i.e., gas 
engine and ORC) [15]. Another process configuration 
for a combined cycle could consist of a combination 
of a gas engine with a conventional water/steam 
process. 

Synthesis Applications 

Gaseous and liquid biofuels have got a lot of technical 
advantages compared to solid biofuels. One big advan¬ 
tage is that they could easily be introduced into the 
market as the existing fossil fuel infrastructure can be 
used to a certain extent. Therefore, during the last 
decade, a lot of efforts have been made to develop and 
demonstrate the generation of synthetic fuel products 
from solid biomass. Several different synthesis pro¬ 
cesses are under consideration such as FT-synthesis 
(Fischer-Tropsch), methanol synthesis, mixed alcohol 


synthesis, DME synthesis (dimethylether), and produc¬ 
tion of SNG (synthetic natural gas). 

Figure 14 shows an example of a typical process 
route from solid biomass to a synthetic biofuel. This 
block diagram contains the most important elements 
of such processes. Of course, there are processes which 
don’t need all these steps and also others which contain 
even more steps. Each of the blocks can consist of 
several steps such as gas cleaning which summarizes 
particle separation as well as sulfur, nitrogen, and chlo¬ 
rine removal. Such possible steps are written on the 
right hand side of the figure. But the possibilities shown 
can be also alternates (e.g., fluidized bed gasifier or 
entrained flow gasifier). In the following, each of 
these process steps is discussed separately. 

Biomass Pretreatment Normally, biomass has to be 
pretreated before feeding it into the gasifier. Chipping 
or grinding and drying are conventional processes to 
get the right particle size and the right water content for 
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Example for a typical process chain for synthetic biofuel production 
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the gasifier under use. To reduce the power consump¬ 
tion for grinding which is necessary for an entrained 
flow gasifier, torrefaction has been proposed. Results 
show that the power consumption can be reduced by 
more than 80% if the biomass is torrefied. However, 
there is not yet too much experience with torrefaction 
and no large plant capacities are available. 

Another pretreatment step in connection with 
large-scale entrained flow gasifiers is pyrolysis of the 
feedstock. Based on such a pyrolysis step, a mixture of 
pyrolysis oil and char (called slurry) can be produced. 
Such slurries show a higher energy density than the 
original biomass and, furthermore, they are quite suit¬ 
able to be fed into entrained flow gasifiers. By regional 
distributed pyrolysis plants a large area can be made 
available for delivering the feedstock for a centrally 
located large-scale entrained flow gasifier connected, 
e.g., to an FT-production plant. 

Gasification Reactors for Syngas Generation Gasi¬ 
fication processes are extremely important for the pro¬ 
duction of the right producer gas for generating syngas 
for the respective synthesis process. The most impor¬ 
tant components in the producer gas are hydrogen (H 2 ) 
and carbon monoxide (CO). Depending on the syn¬ 
thesis reaction, a certain H 2 to CO ratio is necessary to 
get a high product yield (Table 5). From these two 
requirements gasifier using nitrogen-free gasification 
agents (0 2 , H 2 0, C0 2 ) seem to be the right choice. 
For example in “Schwarze Pumpe” fixed bed gasifiers 


were operated many years with oxygen/steam mixtures 
as gasification agent and methanol was produced. And 
high-temperature gasifiers such as entrained flow gas¬ 
ifiers lead to a nearly methane and tar free gas (Table 3). 
These gasifiers are well suited for almost all synthesis 
reactions except SNG production. In this case, steam- 
blown fluidized bed gasifiers have the advantage that 
part of the producer gas is already methane (9-13%) 
and this methane has not to be produced anymore 
downstream (Table 3). 

The producer gas provided by the gasifier has to be 
cleaned and conditioned for the synthesis process. 

Hydrocarbon Reforming The producer gas can 
obtain essential contents of methane and/or other low 
molecular weight hydrocarbons. This is especially the 
case for low-temperature (800-950°C) fluidized bed 
autothermal oxygen/steam gasification or allothermal 
steam gasification (Table 3). These components can 
reduce the yield of the desired synthetic product (e.g., 
FT-diesel) and have to be reformed before entering 
the gas into the synthesis reactor. Normally, steam 
reforming is carried out to convert the hydrocarbons 
into hydrogen and carbon monoxide. For methane, the 
reaction 

CH 4 + H 2 0 = CO + 3H 2 AH = —205.0 kj/mol 

is carried out at temperatures between 800° C and 
1,100°C. Typically nickel is used as a catalyst. Attention 
has to be drawn to catalyst poison due to sulfur 


Biomass Gasification for Electricity and Fuels, Large Scale. Table 5 Synthesis reactions [10, 24] 


Synthesis 

Beneficial H 2 /CO ratio 

Reactions 

Methanol 

2.05-2.15 

CO + 2H 2 = CH 3 OH 

C0 2 + 3H 2 = CH 3 OH + H 2 0 

Fischer-Tropsch 

2.15 

nCO + 2nH 2 = C n H 2n + nH 2 0 

Mixed alcohols 

1.5 

nCO + 2nH 2 = C n H 2n+1 OH + (n—1)H 2 0 

nCO + ( 2 n+ 1 )H 2 = C n H 2n +2 + nH 2 0 

DME 

2.5 (5) 

CO + 2H 2 = CH 3 OH 

C0 2 + 3H 2 = CH 3 OH + H 2 0 

2 CH 3 OH = CH 3 OCH 3 + H 2 0 

Methanation (SNG) 

3 

CO + 3H 2 = CH 4 + H 2 0 

CO + H 2 0 = C0 2 + h 2 
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compounds in producer gas. In general it is 
true that the higher the temperature the lower the 
poisoning is. Above 950°C sulfur poisoning is nearly 
negligible [19]. 

For high-temperature gasification (e.g., entrained 
flow gasification), the reforming step can be avoided. 
This is the same for low-temperature gasification and 
SNG production. In this case, the content of methane 
already existing within the producer gas is beneficial for 
the methanation process. 

Producer Gas Cleaning Producer gas cleaning is the 
most crucial part in any synthetic product generation 
process. This is due to the extremely low concentrations 
of sulfur (<100 ppb) which have to be obtained to 
avoid poisoning of the catalysts. Sulfur is not only 
present within the producer gas in form of H 2 S. Addi¬ 
tionally, different kinds of organic sulfur compounds 
can be found in the producer gas. As the total content 
of sulfur has to be extremely low besides H 2 S, most of 
the organic sulfur has to be removed as well. Methods 
for sulfur removal are absorption (e.g., different sol¬ 
vents, amines) and adsorption (e.g., ZnO, activated 
carbon) processes. Similar methods have to be applied 
to remove nitrogen (NH 3 , HCN) and chlorine com¬ 
pounds (HC1) also. Furthermore, particles have to be 
removed as well (see, e.g., [9]). 

Gas Conditioning All synthetic reactions need 
a certain ratio of H 2 /CO in order to get a maximum 
yield of the desired products. This ratio should be set 
up before feeding the syngas into the synthesis reactor. 
This can be carried out by using an AER-process 
explained above. Normally, the right ratio is obtained 
by using the water shift reaction described by the 
following reaction: 

CO + H 2 0 = H 2 + C0 2 AH = — 40.9kJ/mol 

This reaction is performed between 300° C and 
450°C and pressures up to 30 bars. Catalysts used for 
this reaction are based on iron/chromium (Fe 2 0 3 /Cr0). 
In several cases, this reaction is also running in 
parallel in the synthesis reactor itself (e.g., SNG, 
Fischer-Tropsch) without the necessity of a separate 
step. 

Another frequently proposed step for gas condi¬ 
tioning is the separation of C0 2 from the producer 


gas because producer gas coming out the gasification 
reactor contains C0 2 due to chemical equilibrium rea¬ 
sons. Further C0 2 is produced by the water gas shift 
reaction shown above. A too high concentration of C0 2 
can be disadvantageous for some synthesis processes. 
A removal of C0 2 can be carried out by adsorption 
(e.g., pressure swing adsorption) or absorption (e.g., 
Rectisol, Selexol) processes. 

After these conditioning steps, the producer gas is 
called syngas as it is now ready for the specific synthesis 
reactions under consideration. 

Synthesis Reactions Currently, several synthesis 
reaction schemes are under discussion for the produc¬ 
tion of mostly liquid or gaseous biofuels for the appli¬ 
cation within the transportation sector. These reactions 
are summarized in Table 5 where the first three are of 
liquid nature and the last two led to gaseous biofuels. 
The reaction equations shown within this table are only 
the most important ones or the most desired; of course, 
there are also, more or less, side reactions depending on 
catalyst performance and reaction conditions which are 
not shown here. 

Gas cleaning and gas conditioning are carried out to 
satisfy the requirements of the synthesis reactions. The 
reaction conditions are characterized by temperature 
levels of 200-400° C, pressures up to 100 bars, and the 
necessity of catalysts. Typical reaction conditions for 
these five syntheses are shown in Table 6. 


Biomass Gasification for Electricity and Fuels, Large 
Scale. Table 6 Ranges of suitable conditions for synthesis 
reactions [10], [24] 


Synthesis 

Catalysts 

Pressure 

Bar 

Temperature 

°C 

Methanol 

Zn/Cr/Cr 2 0 3 /Cu 

50-100 

250-380 

Fischer- 

Tropsch 

Co/Fe 

20-40 

220-300 

Mixed 

alcohols 

MoS 2 

100 

350 

DME (via 
methanol) 

Cu/Zn0/Al 2 0 3 

5-15 

250-300 

Methanation 

(SNG) 

Ni/Mg 

1-10 

200-400 
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The conversion during these synthesis reactions 
might not be complete. Therefore, a so-called tail gas 
containing still some small amounts of the educts will 
remain after the reaction and leave the synthesis pro¬ 
cess. There are two strategies to handle this tail gas [2]: 

• In a fuel-oriented strategy, the nonreacted part of 
the tail gas will be recycled back to entrance of the 
synthesis reactor to maximize the production of the 
biofuel. This strategy is applied usually in large- 
scale applications. 

• In a polygeneration-oriented strategy, the tail gas 
will be used to produce heat and power in addition 
to the biofuel. This strategy is proposed if heat can 
be used near the location of the plant. 

Some of these syntheses are extremely selective such 
as methanol and methane syntheses. This means that 
practically only this hydrocarbon molecule is pro¬ 
duced. However, this product is still mixed with other 
components to be separated to get the desired biofuel. 

The product in case of, e.g., Fischer-Tropsch syn¬ 
thesis or mixed alcohol synthesis is a mixture of 
a certain type of molecules. In case of Fischer-Tropsch 
synthesis, the chain lengths of the C n H 2n molecule can 
vary between C x up to C 70 following a probability 
distribution (ASF-probability function). 

However, in order to get a useful biofuel for trans¬ 
portation which can be used in the existing fossil fuel 
infrastructure upgrading of the product is necessary in 
all cases. 

Product Upgrading Upgrading of the raw synthetic 
products can be very different depending on the syn¬ 
thesis process itself and its performance. The necessary 
upgrading steps can be distinguished in cleaning and 
upgrading. Cleaning steps are mostly only separation 
processes of undesired components in the raw product 
to get the necessary final quality of the biofuel (e.g., 
SNG). During upgrading, the quality of the product is 
improved by modifying the produced synthetic mole¬ 
cules. Hydro-treating of the FT-raw diesel product or of 
the waxes is such an example. 

Example for a Whole Chain of Biofuel Production 

Finally, one example for the whole process chain of 
biofuel production is presented and explained in 
more detail to get a better view of the complexity of 


such processes. For this example SNG is selected, as 
a lot of experience for this process has been gathered 
during the last decade. 

Figure 15 shows a process configuration for SNG 
production which has been demonstrated recently [20, 
16]. The process flow diagram is built up according to 
the general scheme shown in Fig. 14. As pretreatment 
steps for the biomass fuels chipping and drying are 
foreseen. Gasification is carried out in an allothermal 
dual fluidized bed gasifier as presented in Fig. 7. 

The gasification agent is steam, and gasification 
takes place at a temperature of about 850° C to get 
a hydrogen-rich gas containing nearly no nitrogen. As 
the temperature is low, the producer gas consists 
already of about 10% of methane as shown in Table 3 
(column 2). 

No steam reforming is foreseen in case of SNG 
production. Therefore, this step is left out here from 
the general process route in Fig. 14. 

Ultra clean syngas is necessary to carry out the 
methanation synthesis. Therefore, gas cleaning con¬ 
sists of several steps before the gas can be fed into 
the synthesis reactor. The producer gas is cooled 
down to about 180°C and particles are removed 
using a conventional fabric filter. Calcium carbonate 
is applied as pre-coat material to protect the filter 
cloths from plugging. A scrubber serves as tar bulk 
removal device. As fatty acid methyl ester (FAME) is 
used as scrubber liquid tar is solved and high sepa¬ 
ration efficiencies are obtained. Particles from fabric 
filter and saturated scrubber liquid are burnt in the 
combustion chamber of the allothermal dual fluid¬ 
ized bed gasifier. 

The producer gas is cooled down to about 5°C and 
led to a further scrubber. In this scrubber additional tar 
components and also thiophene, an undesired sulfur 
compound, is reduced down to a level which is accept¬ 
able for the methanation catalyst. Further two steps are 
dedicated to H 2 S removal applying a H 2 S scrubber and 
a fixed bed adsorption (ZnO) unit. 

Now the producer gas has got the quality suitable to 
be fed into the methane synthesis reactor (syngas). The 
synthesis is carried out in a fluidized bed reactor with 
a nickel catalyst as bed material. As the reaction is 
strongly exothermic, a heat exchanger is located inside 
the fluidized bed to keep the temperature constant at 
about 300°C and to obtain a high conversion rate. 
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Process chain for BioSNG production [16] 

Alternatively, the reaction can be carried out within 
a fixed bed where high attention has to be led to the 
applied cooling strategy [ 17] . The exit gas of the metha- 
nation reactor consists mainly of methane, carbon diox¬ 
ide, hydrogen, and steam. Methanation is an extremely 
selective process as nearly no further hydrocarbons are 
produced. Carbon monoxide is consumed more or less 
completely. However, this gas is not ready to be fed into 
a natural gas grid but has to be further upgraded. 

Product upgrading in case of SNG is the second 
complex area besides gas cleaning explained above. 
Upgrading means separation of undesired gas compo¬ 
nents from the exit gas of the methanation reactor. NH 3 
removal, drying, C0 2 removal and finally H 2 removal 
have been realized in the process mentioned above. For 
these steps, conventional scrubbing, adsorption, and 
membrane technologies are used. At the end of the 
process chain, the gas is ready to be fed into the natural 
gas grid and has got the quality of an H-gas. This 
upgraded product is called Bio-SNG. The efficiency of 
such a SNG production can reach up to 65%. 


Figure 15 


Future Directions 

This paper summarizes the state of art of biomass 
gasification for large-scale electricity and/or biofuels 
production. This state of the art can be characterized 
briefly as follows: 

• Different gasification reactor systems are available: 

• Fixed bed (autothermal) 

• Fluidized bed (autothermal and allothermal) 

• Entrained flow (autothermal) 

• Gasification agent for 

• Autothermal: air only for electricity production, 
steam/oxygen mixtures for electricity and/or 
biofuels production 

• Allothermal: steam 

• H 2 /CO ratio should be adjustable especially for 
biofuels production. Possible solutions are: 

• Downstream shift reaction 

• Dual fluidized bed (AER-process) 

• Electricity production can be considered as com¬ 
mercially available. Main types are: 
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• Co-combustion of producer gas in existing coal 
power stations 

• Combined heat and power production 

• IGCC processes 

• Several biofuels production processes are currently 
under development and/or demonstration. 

• Methanol 

• Fischer-Tropsch fuels 

• Mixed alcohols 

• DME 

• Bio-SNG 

Polygeneration (i.e., production of more than 
two products (e.g., heat, power, and biofuels)) has a 
great potential for biomass gasification in the future. 
Furthermore, developments - as far as these can be 
seen - are the integration and establishment of 
thermo-chemical platforms in bio-refineries. In nearly 
all bio-refineries under consideration, there are 
residues which can be transformed via thermal gasifi¬ 
cation in more valuable products. 

However, there are still a lot of challenges to be 
overcome in connection with gasification and syngas 
production. Some important ones are: 

• A secure provision and reliable pretreatment pro¬ 
cesses for biomass 

• Reliable, simple, and robust gasification and gas 
cleaning systems 

• Development of robust catalysts for synthesis 
processes 

• Optimization of process chains and overall 
efficiencies 
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Glossary 

Clean gas is the product gas after product gas 
treatment. 

Gasification is the conversion of solid or liquid fuels to 
gaseous fuels in a reaction with an added reaction 
agent. 

Gasifier is the reactor for the gasification. 

Product gas is the burnable gas generated in the gas¬ 
ification, also after gas treatment. If this gas has 
been adapted to the specification of a downstream 
synthesis, it is called synthesis gas or syngas. 
Product gas treatment covers all proposed processes 
for the modification of the product gas properties. 
Product gas utilization covers all processes for the use 
of the product gas, mainly for the provision of other 
forms of energy. Product gas application is 
synonymous. 

Raw gas is the product gas before product gas treatment. 
Rural electrification is the mostly decentralized elec¬ 
trical power supply, e.g., single farms, villages, or 
workshops or small groups of them. The opposite is 
the electrification of conurbations. 

Small scale is the adapted scale for the provision of 
a single, nonindustrial energy demand. In the case 
of electrical power supply, often a power range of 
less than about 1 MW of electrical output is called 
small scale. 


Definition of the Subject 

Rural electrification confronts the classical, centralized 
energy economy with several important challenges. 
The supply system is characterized by little demands 
scattered in the countryside. To meet each of these 
demands, an expensive infrastructure is necessary 
because of the need to connect to the national grid. 
That is why the costs for the installation can hardly be 
compensated by the distribution of electricity. Addi¬ 
tionally, within developing countries, rural electrifica¬ 
tion based on national grids is often not possible due to 
a nonexisting overall grid, and for the industrialized 
countries, alternatives are being searched for. 

One alternative is the decentralized supply with 
power generator in an adapted size. Such power 
generators provide a good opportunity for the uti¬ 
lization of renewable energy. And this is especially 
true for biomass. Being a product of agriculture 
and sylviculture, biomass is available in rural areas 
anyway and that is why the energetic use of bio¬ 
mass is a viable solution, e.g., for the rural 
electrification. 

In such plants for rural electricity supply using 
biomass, the size of the plants is limited by several 
restricting factors. 

• Firstly, the energy demand is relatively low because 
single or very few farms, villages, or workshops 
need to be supplied by one plant. 

• Secondly, the biomass provision is easier for small- 
scale plants. Because biomass is available all over 
the countryside, large plants of several tens or 
hundreds of MW of fuel power are not only 
restricted by the total potential but also by fuel 
logistic. Transport distances by truck should not 
be longer than about 50 km in most cases for an 
economically viable supply. Railway or ship trans¬ 
port on rivers and lakes is limited to very few sites. 
But biomass provision of rural electrification 
plants also depends on other criteria. Farms and 
wood-processing workshops are often anxious to 
utilize only their own production. Being part of 
a self-sufficient supply chain, the biomass costs are 
not of such a high importance to the single user. 
This biomass provision also requires less organi¬ 
zation effort. 
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• Thirdly, a lot of farms and workshops have a low 
but year-round heat demand (e.g., for drying, for 
heating). Because heat supply, especially if realized 
most time of the year, generates its own financial 
benefit, the installation of an energy supply plant 
becomes more economic if it is done in a size 
corresponding to the heat demand. 

Because of these reasons, for rural electrification, 
often small-scale plants are required. Gasification- 
based techniques are normally able to generate electric¬ 
ity in the scale of kWs or a few MWs more efficiently 
than steam cycles. Prospectively, the gasification of 
biomass enables to use next-generation technology 
such as the fuel cell. 

Apart from electricity generation, biomass gasifica¬ 
tion technique offers further interesting opportunities 
like synthesis of liquid and gaseous fuels or natural gas 
grid integration. 

In general, biomass gasification is a key technology 
for the use of biomass especially for small-scale rural 
electrification. 


Introduction 

The basic principle of a biomass gasification plant is 
that the energy conversion takes place in different steps. 
This means that the solid biofuel is first converted into 
a gaseous fuel, which is more easy to utilize. This is 
realized based on a pure thermo chemical process. Such 
gasification is characterized by reactions between the 
fuel and a gaseous reactant, the so-called gasification 
agent. This is also the main difference to pyrolysis 
which is a thermal degradation of the macromolecules 
biomass consists of with no additional reactant. In the 
case of oxygen as gasification agent, the oxygen is used 
in a substoichiometric amount. If oxygen is added in 
a stoichiometric amount, the process is called combus¬ 
tion. The production of substances with small mole¬ 
cules and which are gaseous at room temperature (like 
carbon monoxide, hydrogen, and methane) are the 
aims of the gasification. 

This product, called product gas or producer gas, 
opens up lots of new opportunities for its application, 
especially after a product gas treatment. Such oppor¬ 
tunities are, for example, the internal combustion in 
gas engines or gas turbines, the utilization in fuel cells, 
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Gasification 
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Biomass Gasification for Rural Electrification, Small 
Scale. Figure 1 

The basic process chain of a gasification plant for electricity 
generation 


the synthesis gas chemistry, and the separation of prod¬ 
ucts like hydrogen. Of special importance for rural 
electrification are processes which enable high effi¬ 
ciency electricity generation also in the small scale, 
especially in combined heat and power (CHP) produc¬ 
tion, like the combination of gasification and recipro¬ 
cating engines. 

A thermochemical gasification plant consists of 
biomass pretreatment, the gasification itself (also called 
gas generation), the product gas treatment, and the gas 
utilization, which in this case is electrical energy gen¬ 
eration (Fig. 1). For the integration into the energy 
system, also the supply of the solid biofuels to the 
conversion plant and the distribution of the generated 
products (i.e., electricity, heat) is necessary, which how¬ 
ever will not be a topic of this entry. 

The main content of this entry will be the tech¬ 
niques for gasification, product gas treatment, and 
electricity generation as well as constitutive examples 
for overall concepts. 

The following points are a very brief abstract of the 
history of biomass gasification: 


Centuries BC 

Production of charcoal for 
heating and metallurgy without 
gas utilization [1, S.93] 

Second half of the 
eighteenth century AC 

Start of the development of gas 
lightening by pyrolysis gases in 
England, France, the 
Netherlands, and Germany, 
involving biomass use [1, p. 244 
ff 1; [2, p. 241 ff]; 

1808 

First known illuminating gas 
cleaning activities [2, p. 243] 

First half of nineteenth 
century 

Development of internal 
combustion engines for 
illuminating gas [1, p. 333 ff] 
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After 1860 

Commercialization of internal 
combustion engines for 
illuminating gas by Lenoir and 
Otto [1, p. 344 ff] 

During the nineteenth 
century 

Use of chemicals from 
illuminating gas production [3] 
Beginning of a deliberate 
differentiation between 
gasification and (auto thermal) 
pyrolysis 

1880 

First small and mobile gasifiers 
by Dawson (England), 
decentralized gas provision for 
gas engines [4] 

1908 

First truck run on gas from 
wood gasification by Cazes 
(France) 20 hp, 10-12 km/h, in 
the following development 
activities mainly in France [4] 

1921 

Imbert constructs his first 
biomass gasifier, start of 
extensive activities in the 
following decades [3] 

1930s and 1940s 

Wood gas for motor vehicles 
(cars, trucks, etc.) in countries 
which are cut off from crude oil 
supply, a several hundred 
thousands of gasifiers are built 
in Germany [3-5] 

1950s 

Nearly all of these systems are 
replaced by the utilization of 
gasoline and diesel 

From the late 1970s 

First restart of biomass 
gasification activities after the 
first oil crisis, new focus: power 
generation, especially in 
decentralized and small 
systems (e.g., [6-8]) 

1990s 

Start of the development of 
a lot of gasification systems 
driven by the idea of renewable 
energy supply (e.g., [9-12]) 


Start of the research and 
development work on systems 
which are currently 
constitutive, like the Gussing 
FICFB gasifier [13] 

Since about 2000 

Start of the commercialization, 
increased activities in the field 
of synthetic fuel production 


Generation of Electricity from Biomass via 
Gasification 

In comparison with energy conversion chains for the 
electricity production applying solid fuels like the com¬ 
bustion steam cycle processes, the basic principle of 
a gasification plant is that energy conversion is realized 
in different steps. For this reason, a thermochemical 
gasification plant consists of biomass pretreatment, 
gasification (also called gas generation), product gas 
treatment, and gas utilization (here electricity genera¬ 
tion). A general survey is shown in Fig. 2. For the 
integration into the energy system also, biomass supply 
and distribution of the generated products are 
necessary. 

The biomass pretreatment serves for adapting the 
quality of the biomass delivered to the conversion 
plant to the requirements of the plant, which are mainly 
defined by the gasifier. Typical steps of the biomass 
pretreatment are receipt, storage, grinding, or compac¬ 
tion for the adaptation of the particle size, sieving to 
ensure that the desired range of fuel size is fulfilled and 
drying for the adjustment of the required water con¬ 
tent. Many different solutions and designs are available 
for each of these steps. They are similar to the 
pretreatment for other chains using biomass (e.g., 
combustion, pyrolysis). 

The heart of the conversion plant is the gas gener¬ 
ation. In this part, the solid biofuel is converted into 
a gaseous fuel. The process is straight thermochemical. 
Thus, the gasification of solid biomass is characterized 
by reactions between the fuel and a gaseous reactant 
(i.e., gasification agent). The goal is to produce sub¬ 
stances with small molecules gaseous at room temper¬ 
ature (like carbon monoxide, hydrogen, methane). 

Because the quality of the provided product gas in 
most cases is not good enough for the proposed gas 
utilization, different steps of product gas treatment are 
necessary (i.e., gas cooling, gas cleaning). The gas 
cleaning can be realized either before the gas cooling at 
high temperatures or after gas cooling at low tempera¬ 
tures. In any case, the required product gas treatment is 
determined by the gap between the gas quality provided 
by the gasifier and the requirements of the gas utilization. 

This product gas opens up lots of opportunities for 
its application. Such opportunities are, for example, 
the internal combustion in gas engines or gas turbines 
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Biomass Gasification for Rural Electrification, Small Scale. Figure 2 

General outline of a biomass gasification plant 


and the utilization in fuel cells. Additionally such elec¬ 
tricity generation can be combined with a heat provi¬ 
sion (i.e., CHP). For the heat supply, different heat 
flows from product gas treatment and from gas utili¬ 
zation can be used. Due to environmental reasons, 
often additionally a flue gas cleaning is necessary. 


Gasification and Gasifiers 

The heart of a gasification plant for electricity supply is 
the gasification, occurring in a gasifier. This entry deals 
with the process of gasification and its partial process 
and the gasifiers as rectors the gasification occurs in. 

Chemical Basics 

Biomass gasification is a thermo chemical process. The 
overall process is characterized by the following process 
steps. 

1. Drying 

2. Pyrolytic decomposition 

3. Oxidation 

4. Reduction 

5. Gas phase reactions 


The importance of the different steps varies 
depending on the technical frame conditions and 
their order may change from process to process. Being 
the reactions employing the gasification the gasifica¬ 
tion agent, the oxidation, the reduction, and the gas 
phase reactions can be subsumed as gasification reac¬ 
tions. Regarding this, the gasification can be described 
as shown in Fig. 3. 

The reactions of the gasification process can be 
summarized as follows. 


solid fuel 
liquid fuel 


chemical reactions 


■> gaseous fuel 


gasification agent: 

> air 

> oxygen 

> water steam 

> (carbon dioxide) 


The process steps can be described as follows 
mainly (see [11, 12]). 


Drying The drying is the removal of physically 
bonded water by vaporization. This is an endothermic 
process. Drying did not change the chemical properties 
of the biomass. 
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Biomass Gasification for Rural Electrification, Small 
Scale. Figure 3 

Basic steps of gasification 

Pyrolytic Decomposition (Degassing, Carbonization) 

The aim of the pyrolytic decomposition is destroying 
of organic macromolecules by providing fixed carbon 
and volatile organic substances (see [14-19]). Products 
are pyrolysis coke (especially charcoal), pyrolysis gas, 
and tar. The relative amount of each fraction and its 
composition strongly depends on the parameters cho¬ 
sen for the pyrolysis process (i.e., reactor type, heating 
rate, residence time, pressure, and maximum temper¬ 
ature). This is summarized below [20]. 

Complex organic substance —» simple organic substance 
(cellulose, lignin) (CH 4 , tar, other hydrocarbon) 

+ C + H 2 + CO + CO 2 + H 2 O 
(coal: endothermic) 

(biomass : fast process endothermic, 
slow process exothermic [20] 

Pyrolytic decomposition starts with several struc¬ 
tural changes within the lignocellulosic biomass. The 
main reactions at lower temperatures are depolymeri¬ 
zation as well as dehydration, decarbonylation, and 
decarboxylation. As a consequence, water, carbon 
monoxide, and carbon dioxide are released from the 
solid biofuel. The hemicelluloses undergo thermal 
decomposition readily between 200°C and 300°C, 
while thermal degradation of cellulose dominates at 
325-375° C. Lignin decomposition occurs mainly at 
temperatures above 375°C. However, due to its com¬ 
plex structure, lignin degradation covers a larger tem¬ 
perature interval. In general, at higher temperatures, 
the solid or liquid product of this pyrolytic decompo¬ 
sition becomes more aromatic. 

When the gaseous and vaporous products of pyro¬ 
lytic decomposition remain in areas with high temper¬ 
atures, the initially formed tars and other hydrocarbons 
may be converted into other compounds due to ther¬ 
mochemical processes taking place within the gas phase 
(e.g., cracking). Otherwise, these substances will stay in 
the product gas. 


Gasification reactions The gasification reactions 
(e.g., [21-24] ) are these chemical reactions which involve 
the gasification agent. Such reactions are oxidation and 
reduction reactions utilizing the fixed carbon as well as 
homogenous reactions in the gas phase utilizing gaseous 
reactants. During these gasification processes, pyrolysis 
residues react with a gasification agent (e.g., water, carbon 
dioxide, deficit oxygen/air) to generate a gaseous second¬ 
ary energy source. Ideally, only carbon monoxide and 
hydrogen are formed. But due to the chemical equilib¬ 
rium also, other components such as carbon dioxide, 
water, methane, and higher hydrocarbons are produced 
and, thus, ingredients of the gas generated by the gasifier. 
The carbon monoxide/hydrogen ratio is determined by 
the choice of gasification agent. 

Below the most important reactions are presented: 

Oxidation 

C + V 2 O 2 —► CO (Exothermic, Ar H = — 11 lkj/mol) 

C + 0 2 —» C0 2 (Exothermic, A R H = —394kJ/mol) 

The main goal of the oxidation step is it to provide 
the reaction energy for the endothermic reactions. If an 
oxygen-free gasification agent is used, these oxidation 
reactions will not take place due to a lack of oxygen. That 
is why in these cases an external heat input is necessary. 

Reduction 

C + H 2 0 -> CO + h 2 

(Endothermic, ArH = +131kJ/mol) 

“heterogeneous water gas reaction” 

C + C0 2 -> 2CO 

(Endothermic, ArH = -fl72kJ/mol) 
“Boudouard reaction” 

Based on these reduction reactions, carbon monox¬ 
ide and hydrogen are generated. These are mainly the 
target products of the gasification. 

Homogenous reactions (gas phase) 

CO + h 2 o ^ co 2 + H 2 

(Exothermic, ArH = —41kJ/mol) 

“water gas shift-reaction” 

CO + 3H 2 ^ CH 4 + H 2 0 

(Exothermic, ArH = —206kJ/mol) 

“methanation” 
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Within the gas phase, different secondary reactions 
of the hydrocarbons, especially of tars, take place. 
Depending on the reaction conditions, the most 
important processes are: 

• Cracking 

• Steam reforming 

• Partial oxidation 

• Hydrogenation 

All reactions involved within gasification are equi¬ 
librium reactions. Hence, the temperature has a major 
influence on the final product composition. As espe¬ 
cially oxidation reactions and the methanation are 
exothermic, these reactions dominate at lower temper¬ 
atures. In contrast, formation of carbon monoxide and 
hydrogen from carbon and water according to the 
heterogeneous water gas reaction as well as the 
Boudouard reaction is endothermic, and thus these 
transformations are facilitated by higher temperatures. 

Normally, the generated products should continue 
to react until chemical equilibrium is reached. At typ¬ 
ical gasification temperatures, this equilibrium is char¬ 
acterized by a tar-free gas [25] . But such an equilibrium 
stage is not reached in any single-stage gasifiers. And 
then equilibration comes to an end (freezes) with 
decreasing temperatures as it is the case after the pro¬ 
ducer gas has left the gasifier. That is why often the gas 
composition generated in biomass gasifiers differs sig¬ 
nificantly from the equilibrium composition [26]. 
Because of that, the tar containing gases had to stay 
within the high-temperature area, preferably more 
than 1,000°C for several seconds, for complete destruc¬ 
tion of tar. 

Technical Basics 

Being a reaction between fuel and gasification agent, 
the gasification is mainly determined by the gasifica¬ 
tion agent. Major gasification agents are: 

• Air 

• Oxygen 

• Water-steam 

• Carbon dioxide 

Carbon dioxide, however, is hardly used as pure gas 
but sometimes in flue gas recirculation. Oxygen is 
unusual in small-scale plants, because there are 


no adequate small-scale oxygen provision systems. 
The same is basically true for water-steam. This is 
the reason why small-scale gasification systems are 
usually operated with air. 

Important process steps of gasification (like the 
reduction step), forming the desired products carbon 
monoxide and hydrogen, are endothermic. This 
requires a heat supply. Two ways are possible: 

• The allothermic process with heat supply from exter¬ 
nal sources . The heat is transferred into the gasifier 
by recuperation or by hot material flows. Typically, 
water-steam is used as gasification agent in 
allothermic processes. 

• The autothermic process. In this process, the 
required heat is produced by combustion of a part 
of the fuel. Therefore, the gasification agent has to 
contain portions of air or oxygen because the main 
exothermal (heat delivering) reactions are the oxi¬ 
dation reactions. 

In general, the allothermic process is technologically 
more demanding. For this reason, in the small scale, 
mostly autothermic processes are realized. Allothermic 
systems are built mostly with larger thermal capacities. 

Reactor Principles 

For biomass gasification, lots of different reactors (e.g., 
[9, 27-31]), in this case called gasifiers, have been 
developed. An overview is shown in Fig. 4. 

These reactors are based on a few principles of gas- 
solid reactors. Most of the common reactor principles 
have been considered for the design of gasifiers, both 
separately and in combination. Therefore, the follow¬ 
ing cases are discussed: 

• Single-stage gasifiers 

• Multistage gasifiers 

Single-stage gasifiers represent different reactor 
principles, in particular: 

• Fixed-bed gasifiers 

• Fluidized-bed gasifiers 

• Entrained-flow gasifiers 

Multistage gasifiers are characterized by 
a functional combination of reactor principles for pur¬ 
poseful separation of reactions. 
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Biomass Gasification for Rural Electrification, Small Scale. Figure 4 

Overview of reactor types of gasifiers 
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Biomass Gasification for Rural Electrification, Small Scale. Figure 5 

The basic reactor types of single-stage gasifiers 


The basic design of a fixed-bed gasifier, a fluidized- 
bed gasifier, and an entrained-flow gasifier is shown in 
Fig. 5. Gas velocity, particle size, and residence time are 
characteristic parameters for these reactor types. The 
relation of these parameters is also shown in this figure. 


Fixed-Bed Gasifiers The main feature of fixed-bed 
reactors (e.g., [11, 12, 29]) is that the solid phase is 
placed on a supporting structure, such as grates or fire¬ 
proof plates. The force from the fluid phase to the solid 
phase (resisting force) is low compared with the force 
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of gravity. Even if the resisting force is directed against 
the gravity force, the solid phase cannot be moved by 
the resisting force but only by external forces. Being 
exposed to little movement, the solid phase will mix to 
a low extent and separated zones can develop, each 
dominated by a special process step. 

There are three types of fixed-bed gasifiers which 
differ by the direction of movement of the solid fuel 
and the gases. 

Countercurrent gasifier In a countercurrent gasifier 
(e.g., [7, 8, 32, 33]), the solid fuel and the gases 
(gasification agent and product gas) move in opposite 
directions. Normally the solid fuel moves in the 
direction of the gravity force and the gases rise. 

The basic design of a countercurrent gasifier is shown 
in Fig. 6. Typical is the following order of the process 
steps from the bottom (grate) to the top of the reactor: 



Biomass Gasification for Rural Electrification, Small 
Scale. Figure 6 

Countercurrent gasifier 


1. Oxidation 

2. Reduction 

3. Pyrolysis 

4. Drying 

This means that the hydrocarbons formed during 
the pyrolytic decomposition, especially the tar, do not 
flow through a high-temperature area. They only pass 
through the drying zone. That is why the tar content in 
the raw product gas is significantly high. 

But this principle also has advantages: 

• Because of the order of the process steps, the fuel is 
dried by the heat of the product gas. That is why wet 
fuels can be used. This is also the reason of its high 
overall gasification efficiency. 

• Fuel with a wide range of particle sizes is less prob¬ 
lematic because of a self-regulation of the flow 
direction. 

• As the gasification agent can easily be spread evenly 
by the grate, the countercurrent gasifier is the fixed- 
bed gasifier which can most easily be scaled up. 

• Because the solid matter is at last in contact with the 
inserted gasification agent, it is possible to reach a 
carbon-depleted ash. With the gasification agent air 
(or oxygen), the ash can become nearly carbon free. 

Basic technical properties of countercurrent gas¬ 
ifiers (reference values) are shown in Tables 1-3. 

Cocurrent gasifier In a cocurrent gasifier (e.g., 
[34, 35]), the solid fuel and the gases move through 
the whole gasifier, mainly in the same direction. 
Normally, solid fuel moves in the direction of the 
gravity force and so do the gases. 

The basic design of a cocurrent gasifier is shown 
in Fig. 7. The gasification agent may be fed from the top 
of the fuel bed using the whole cross section (open-top 
gasifier). However, the feed-in of the gasification agent 
into the oxidation zone through nozzles is more com¬ 
mon. Typical is the following order of the process steps 
from the bottom to the top of the reactor: 

1. Reduction 

2. Oxidation 

3. Pyrolysis 

4. Drying 

This means that the gases from the pyrolytic 
decomposition, especially the tar, pass the oxidation 
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Biomass Gasification for Rural Electrification, Small Scale. Table 1 Typical power range, fuel requirements, and 
efficiencies for the basic principles of gasifiers [38] 



Fixed bed 



Countercurrent 

Cocurrent 

Fluidized bed 

Common power range 
[MW] a 

0.1-10 

0.02-3 

8-100 

Fuel requirements 

Grain characteristic 

Coarse-grained 

Coarse-grained, narrow range of 
grain size 

Fine-grained, narrow range of 
grain size 

Grain size [mm] 

5-100 

20-100 

10-100 

Water content [mass-%] 

12-40 (60) 

12-25 

< 40 

Ash content [mass-% wf ] 

< 15 

< 5 

k. A. 

Cold gas efficiency [%] 

50-70 

65-75 

65-85 


a Fuel input 


Biomass Gasification for Rural Electrification, Small Scale. Table 2 Typical gas composition for the basic principles of 
gasifiers with air as the gasification agent [11, 32, 39] 



Fixed bed 


Fluidized bed 


Cocurrent 

Countercurrent 

Bubbling 

Circulating 

Reference water content [% dm] 

ps 6 

ps 50 

ps 15 

ps 15 

H 2 [volume-%] 

15-21 

10-15 

« 10 

15-22 

CO [volume-%] 

10-22 

15-20 

ps 15 

13-15 

C0 2 [volume-%] 

11-13 

8-10 

ps 17 

13-15 

CH 4 [volume-%] 

1-5 

2-3 

ps 4 

2-4 

C n H m [volume-%] 

0.5-2 


ps 1.6 

ps 2 

N 2 [volume-%] 

Rest 

Rest 

Rest 

Rest 

Lower heating value [MJ/Nm 3 ] 

4.0-5.6 

3.7-5.1 

ps 4.5 

3.6-5.9 


and reduction zones while flowing downward. Thereby, 
the tar is supposed to be cracked by the high temper¬ 
atures and the tar content in the raw product gas 
should be very low. 

But the flow conditions in commercial scale 
cocurrent gasifiers, especially in gasifiers with noz¬ 
zles, are normally not found to be ideal [35]. That is 
why usually areas with temperatures exist which 
are too low for cracking of tars. In those parts 
of the flow, which pass these areas, little or no tar 


is cracked. That is why a nearly tar-free gas cannot 
be achieved in a commercial scale cocurrent 
gasifier. 

Although the tar content in the raw product gas 
is much lower than in a countercurrent gasifier, 
the cocurrent principle has still the following 
disadvantages: 

• Leaving the gasifier directly after the reduction zone 
at high temperature, the heat of the product gas 
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Biomass Gasification for Rural Electrification, Small 
Scale. Table 3 Comparison of the basic principles of gas¬ 
ifiers [29, 31] 


Fixed-bed 

gasifiers 

Fluidized-bed 

gasifier 

Entrained-flow 

gasifier 

+ Suitable for 

+ Very good 

+ High carbon 

small and very 

heat and 

conversion rate 

small plants 

mass transfer 

+ High reaction 

+ Unpretentious 

+ High space 

velocity 

technique 

and time yield 

+ Low start-up and 


+ Low product 
gas 

temperature 

(high 

chemical 

efficiency, 

uncomplex 

gas cooling) 

rack out time 

o Reaction zones 

o No reaction 

o Low methane 

existing 

zones 

content in 

o A lot of 
different 
concepts 


product gas 

— Slow 

— Limited 

— Only very small 

regulation 

carbon 

fuel particles 

action 

conversion 

possible 

— Very long 

rate 

— Very expensive 

start-up time 

— Carbon- 

biomass 

— Difficult 

containing 

pretreatment 

automation 

ash 

— High product gas 


— Linkage 

temperature 


between 

(low chemical 


particle size 

efficiency, 


and 

complex gas 


fluidization 

cooling) 


velocity 

— Only very large 
plants 
reasonable 


cannot be used in the gasifier (e.g., for drying of 
the fuel). That is why only relatively dry fuel can 
be gasified and the gasification efficiency is rela¬ 
tively low. 

• The particle sizes have to be within a narrow range. 

• The gasification agent is fed into the gasifier 
through nozzles. This makes it very challenging 
to spread the gasification agent evenly through 
the gasifier; because of physical constraints, the 
gasification agent penetrates only a few 



Biomass Gasification for Rural Electrification, Small 
Scale. Figure 7 

Cocurrent gasifier 

centimeters into the fuel bed crosswise to the 
main flow [35] . That is why a scale-up of cocurrent 
gasifiers to sizes higher than in test facilities is 
extremely complicated. For this reason the tar con¬ 
tent in the raw product gas rises with increasing 
gasifier sizes. 

• Because the solid matter is at last in contact with 
the product gas, due to reasons related to the chem¬ 
ical equilibrium, it is not possible to reach 
a carbon-depleted ash. Thus, the refuse of a single- 
stage cocurrent gasifier contains several percents of 
carbon. This lowers the overall efficiency. And, for 
example, in Germany, the disposal of this ash-carbon- 
mixture is problematic because the carbon content of 
material to be dumped on a landfill is limited by law. 

Basic technical properties of countercurrent gas¬ 
ifiers (reference values) are shown in Tables 1-3. 

Cocurrent gasifiers have been used in the years 
around World War II in transport applications, espe¬ 
cially in trucks. This is one reason for the many newly 
developed systems based on the principle of cocurrent 
gasification. 
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But the success under those days’ conditions is not 
sufficient for a successful use in energy applications 
today. For example, running times of only a few hun¬ 
dred hours and a lot of maintenance work are nor¬ 
mally not tolerable nowadays. One of the main 
requirements for an energy system today is the high 
availability. This has to be fulfilled also by the gasifi¬ 
cation processes. 

Crosscurrent gasifier In a crosscurrent gasifier (e.g., 
[9, 36, 37]), the solid fuel and the gases (gasification 
agent and product gas) move crosswise to each other. 
Normally, the solid fuel moves in the direction of 
gravity force. The gasification agent is horizontally 
injected through a nozzle. And the product gas is also 
discharged horizontally. 

The basic design of a crosscurrent gasifier is shown 
in Fig. 8. The order of the areas for the process steps is 
formed depending on the distance to the nozzle and 
the shortest way from gas inlet (nozzle) to gas outlet 
(see Fig. 8). 



Biomass Gasification for Rural Electrification, Small 
Scale. Figure 8 

Crosscurrent gasifier 


Because of this special design, the residence time of 
gases in the gasifier is short. That is why the gas com¬ 
position can differ from the equilibrium composition, 
especially the carbon monoxide content can be lower. 
Only in those parts of the gas, which pass through 
a high-temperature area, the tars can be cracked. 
Therefore, the tar content in the raw product gas 
is higher than in the product gas from cocurrent 
gasifier. 

The crosscurrent gasifier is ready for operation in 
a short time and enables response to fast variations of 
load. The gasifier can be built relatively compact. 

This type of gasifier has been used in the first half of 
the twentieth century for transportation purpose. In 
recent years, there have been some activities for using 
that gasifier type for renewable energy production in 
Germany. But, currently, this development is of minor 
importance. 

Fluidized-Bed Gasifiers The main characteristic of 
fluidized-bed gasifiers (e.g., [11, 12, 29]) is the force 
equilibrium between the resisting force (the force from 
the fluid phase to the solid phase) and the force of 
gravity. Therefore, in a fluidized-bed reactor, the fluid 
phase has to flow against the force of gravity, that is, 
vertically upward. This equilibrium of forces depends 
on the mass of solid particles and the flow velocity 
of the fluid phase. Particle size is important for 
unproblematic running of a fluidized-bed reactor. 
The solid particles float in the fluid flow. Due to the 
equilibrium of forces, the particles remain in a layer. 
Particles being too heavy move downward, particles 
being too light, for example, after a weight-loss during 
reaction, are blown out of the layer. 

The particles in the layer are very well mixed. 
Causative for the mixing are inhomogeneities in the 
flow, that is, slight changes in fluid speed and flow 
direction. Thus, the equilibrium of forces is tempo¬ 
rarily disturbed. A resulting force is the outcome. 
This force changes the direction of the particles. 
Hence, the particles move chaotically. Another reason 
is that like in all streamed tubes, also in the fluid¬ 
ized-bed reactor, the velocity near to the wall is lower 
than in the middle. Because of the force equilibrium, 
near to the wall, particles go down and in the middle 
come up. Thus, a circulation is also realized within 
the particle bed. 
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In fluidized-bed reactors for combustion and gasi¬ 
fication, normally an inert (not reacting) material is 
used for heat storage and temperature leveling. The 
leveled temperatures and the stored heat are great 
advantages of fluidized-bed reactors, because changes 
in the fuel quality will partly be compensated. 

Because of the mixing of the solid phase, no sepa¬ 
rated zones will develop. All process steps occur simul¬ 
taneously and close to each other, that is, there are 
more or less, the same chemical behaviors all over the 
fluidized bed. Because all gasification reactions are 
equilibrium reactions, and for this reason, the chemical 
reaction occurs only up to the equilibrium, the 
carbon cannot be converted totally. That is way carbon 
remains in the ash from single-stage fluidized-bed 
reactors. 

There are two main types of fluidized-bed gasifiers 
outlined below: 

• The bubbling-fluidized-bed gasifier (BFB) 

• The circulating-fluidized-bed gasifier (CFB) 

Basic technical properties of fluidized-bed gasifiers 
(reference values) are shown in Tables 1-3. 

Bubbling-fluidized-bed gasifier (BFB) In a bubbling- 
fluidized-bed gasifier, nearly all reactions including the 
solid fuel as reaction partner take place in the fluidized 
bed. Particles blown out because of too low weight 
mainly consist of ash because the gas-solid reactions 
are almost finished when weight of a particle becomes 
so low. These particles will be separated and disposed 
of. A recirculation of particles into the reactor is usually 
not realized. The basic design of a bubbling-fluidized- 
bed gasifier is shown in Fig. 9. 

Circulating-fluidized-bed gasifier (CFB) In a circulating- 
fluidized-bed gasifier, only a portion of the solid fuel 
reacts in the fluidized bed. Lighter particles are blown 
out even if the reactions are not completed and organic 
matter remains. The target is that a main part not only of 
the gas phase reactions but also of the gas-solid reactions 
occurs in the space above the fluidized bed, the so-called 
free space. At the end of the free space, the remaining 
particles are separated from the gas. Usually a cyclone is 
used but also other mechanical gas-solid-separators are 
possible and tested in different designs. Containing a lot 
of remaining organic matter which is possible to gasify 
a major portion of the separated particles is recirculated 


Product gas 
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Fuel (biomass) 


Fluidized-bed 

Fuel+bed material 

Gasification agent 
spread 


Gasification agent 


Biomass Gasification for Rural Electrification, Small 
Scale. Figure 9 
Bubbling-fluidized-bed gasifier 


into the reactor. The basic design of a Circulating- 
fluidized-bed gasifier is shown in Fig. 10. 

Entrained-Flow Reactor In an entrained-flow reac¬ 
tor (e.g., [30, 31]), the force from the fluid phase to the 
solid phase (resisting force) is much higher than 
the force of gravity. The particles are carried along 
with the fluid phase. The reactions take place while 
the particles are transported by the fluid phase. 

In order to facilitate the transport of fuel particles 
by the gases, very small fuel particles with a size of less 
than 1 mm are utilized in entrained-flow gasifiers. Thus 
the residence time is very short (normally a few seconds 
or less) and the reaction temperatures are high. 

Coal gasifiers in a scale of several hundred MW are 
often built as entrained-flow reactors. This scale is 
uncommon for the utilization of biomass. The chopping 
of biomass to the necessary particle size is expensive and 
normally only possible with a thermal pretreatment. 

A comparison between entrained-flow gasifiers and 
the other basic principles is presented in Table 3. 

Multistage Gasifiers Because of different conditions 
required by each reaction, it is not possible to optimize 
all gasification reactions in a single-stage gasifier. 
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Product gas 



Gasification agent 



Biomass Gasification for Rural Electrification, Small Scale. Figure 10 

Circulating-fluidized-bed gasifier 


Especially the temperature window and residence time 
for a certain reaction step is often not optimal or 
appropriate, for example, for tar removal. One idea to 
solve this problem is to use different reactors for dif¬ 
ferent process steps and reactions. These different reac¬ 
tors can be optimized more easily for reactions taking 
place in them. On the other hand, the costs may 
increase by using more than one reactor. 

Various combinations have been designed using 
different types of reactors and dividing the gasification 
into different sub-processes. Below only a few selected 
examples are described briefly. 

Double fire gasifier This gasifier principle (e.g., [9, 27, 
40-42]) got its name, because it is a combination of 


a cocurrent and a countercurrent gasifier in one shell. 
Transported by the gravity force, the fuel first passes 
the cocurrent and then the countercurrent part. The 
biomass is fed into the cocurrent part. In the zone of 
the pyrolytic decomposition, volatile substances are 
released. Like in a single-step cocurrent gasifier, the 
tar is cracked in the hot zones of this part. For the 
cocurrent part, there is a first gasification agent inlet 
with nozzles. 

Only the carbon-rich residue from the cocurrent 
part moves to the countercurrent part. Because of the 
gasification agent inlet from the bottom (grate), the 
carbon remaining after the cocurrent stage is utilized in 
the countercurrent stage. Between the stages, there is 
no separating device like a grate. Only the position of 
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the product gas outlet defines the gas flow directions 
and with it also the border of the stages. 

A double fire gasifier produces 

• Product gas with as little tar as a cocurrent gasifier 

• Ash with as little carbon as a countercurrent gasifier 

But similar to the cocurrent gasifier, the tar content 
is still not low enough for a direct utilization. 

Viking Gasifier In the Viking Gasifier (e.g., [27, 43-45 ]), 
the gasification process takes place in three separated 
zones. These zones are: firstly, a drying zone and zone 
with pyrolytic decomposition; secondly, a zone with tar 
removal by partial oxidation and other gas phase 
reactions; and thirdly, a gasification, especially 
reduction, zone. 

The drying and pyrolysis zone is designed as a screw 
reactor. The biomass is transported through this reac¬ 
tor by the screw. The heat for drying and pyrolytic 
decomposition is transferred through the wall of the 
reactor. In a plant for electricity generation, mainly the 
waste heat from the engine can be used for these first 
process steps and less additional heat is required. The 
char and the gases leave the reactor at its end. Being 
a product of pyrolytic decomposition, the gas contains 
a high amount of tar. 

After leaving the screw reactor, the char falls down¬ 
ward and the gases flow downward passing through 
a free space reactor. In this, air is fed in. The air reacts 
with the gas, and especially, the tar is removed by 
partial oxidation. Additionally other fast reactions in 
the gas phase take place. The char particles with their 
low reactivity pass through the free space without being 
largely involved in these reactions. Because of the exo¬ 
thermal oxidation reactions, the gas temperature 
increases up to about 1,100°C. 

Below the free space in the same reactor, the 
remaining char accumulates. Flowing through this 
char bed, carbon dioxide and water-steam in the gas 
react with the char following the reduction reactions 
described above. In these endothermic reactions, which 
generate carbon monoxide and hydrogen, the temper¬ 
ature decreases to about 750° C. The gasification effi¬ 
ciency is increased by the reaction zone, because 
thermal energy is converted back to chemical energy. 

The Viking Gasifier demonstrates that multistage 
gasifiers can have some advantages: 


• Very low tar content in raw product gas. 

• High gasification efficiency especially concerning 

the use of waste heat for drying and pyrolysis. 

• Relatively wet biomass can be used. 

• Wastewater is hardly contaminated with 

hydrocarbons. 

On the other hand, the technique is much more 
expensive than single-stage gasifiers. 

FICFB process The FICFB process first realized in 
Gussing/Austria (e.g., [13, 46-49]) is a dual-bed 
steam gasification working with two reactors 
(chambers): one for the gasification process with the 
gasification agent water-steam, and a second one for 
combustion for heat supply. The reactor principle is 
based on a circulating-fluidized-bed reactor. The 
fluidized bed is used for biomass gasification whereas 
the recirculation part is designed as a combustion 
chamber. Biomass is fed into the fluidized-bed 
gasification chamber where it is converted into 
nitrogen-free syngas and char using steam as 
gasification agent. The char and additional raw gas for 
control purpose are burnt with air in the combustion 
chamber, heating the accompanying fluidized-bed- 
particles. The hot bed material is then fed back into 
the gasification chamber, providing the required 
reaction heat. There are also further constructions 
available using the dual-bed principle (e.g., [50-55]). 

Dual-bed steam gasifiers are developments specif¬ 
ically for biomass. In the German-speaking area, the 
FICFB process is at the beginning of commercializa¬ 
tion, mainly for CHP applications. Several installa¬ 
tions are planned, under construction, or recently 
started operation. Due the fact that the aspired 
power range of the FICFB technology is above 2 
MW electric power according to about 8 MW fuel 
input power, this technology is not a small-scale 
technique. But this technique is important, because 
commercial operation is almost complete and 
both the technique and the way for solving the 
occurring problems are exemplary for other ongoing 
developments. 

Application of the Gas 

For the complete utilization of the chemical energy, 
the fuel has to be oxidized to the highest oxidation 
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number (i.e., to carbon dioxide and water). The prod¬ 
uct gas is only an intermediate product for simplifying 
the utilization of the solid fuel. Because here the objec¬ 
tive is the generation of electricity, other applications of 
the product gas (like heat supply, e.g., for industrial 
furnaces, synthesis of bulk chemicals) are not discussed. 

Usually, electricity is generated via mechanical 
power, which is provided from heat in a thermal cyclic 
process. Currently, the only alternative of some impor¬ 
tance is the fuel cell. 

The processes for the generation of electricity from the 
product gas can be sorted into the following categories: 

• Electricity generation via heat (thermal cyclic pro¬ 
cess) and mechanical power (generator) 

• Processes with internal combustion 

• Reciprocation combustion engine 

• Gas engine (Otto principle) 

• Pilot injection engine (Diesel principle) 

• Gas turbines 

• Processes with external combustion 

• Reciprocation engine (Stirling principle) 

• Externally heated gas turbines 

• Utilization in boilers 

• Direct electricity generation from chemical energy 
(i.e., fuel cell) 

Currently, the importance of reciprocation engines 
with internal combustion in small-scale plants is 
dominating. 

Below, the main options for utilization of product 
gas from thermo chemical biomass gasification for elec¬ 
tricity generation are discussed. 

Reciprocation Combustion Engine 

Reciprocating engines (e.g., [27, 29, 56-59]) are com¬ 
mon solutions for the transformation of chemical 
energy into mechanical power in the low and medium 
power range. Engines for cars, ships, and block heat 
and power plants are examples. The main characteristic 
of reciprocation engines is the stepwise work in strokes. 
That is why the combustion does not occur continu¬ 
ously (i.e., in one of several strokes). Most common are 
four-stroke engines. 

Gas Engine (Otto Principle) The basic process steps 
of the gas engine process are as outlined below: 


• Mixing of air and gaseous fuel. 

• Intake and compression of an air fuel mixture by 
the piston. 

• Ignition of pressurized air fuel mixture; the ignition 
in an Otto engine occurs by electrical sparks. 

• Combustion of the fuel and expansion of the flue 
gas; the flue gases move the piston and the piston 
transfers the power via the conrod to the 
crankshaft. 

• The piston ejects the flue gases. 

These steps repeat cyclically. 

Gas engines can only by operated with cold gas. 
Because of the thermal expansion of the product gas 
at higher temperatures, less mass or less normal volume 
of gas can be delivered into the cylinders. Therefore, the 
power of the engine decreases with increasing temper¬ 
ature of the gas [60]. 

The applicability of a product gas from biomass 
gasification within a gas engine is mainly determined 
by three parameters: 

• Content of pollutants (e.g., tar) 

• Laminar flame velocity 

• Methane number 

Pollutants can damage the engine. The following 
components are of high importance: 

• Tar could cause coking in high-temperature areas 
and agglutination in cold areas, especially valves 
and nozzles are in danger. 

• Dust is dangerous because of its abrasive properties 
and the promotion of dirtying by tar. 

• Sulfur compounds and ammonia can reduce the 
resistance time of the lubricating oil. 

The common limits of content for these substances are 
given in Table 4. 

Another main property is the laminar flame veloc¬ 
ity. If the flame velocity is high enough, also gases with 
low heating value can be utilized in gas engines. This is 
important because product gases from biomass gasifi¬ 
cation normally have a low heating value especially if 
air is used as gasification agent. 

Similar to the octane number in petrol-fired 
engines, the methane number is a measure of the 
antiknock properties. But this can be adapted by 
using lean-burning (e.g., [8, 61-63]). 
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Biomass Gasification for Rural Electrification, Small Scale. Table 4 Gas quality requirements of the gas utilization 
processes (values for the orientation) [11, 25, 29, 76-80] 


Impurity [mg/Nm 3 ] 

Reciprocating 
combustion engine 

Gas 

turbine 

High-temperature fuel cell 

Fuel synthesis (as comparison) 

Tar 

10-100 


0.1-1 

0.1-1 

Dust 

10-50 

< 30 

1-10 

0.02-0.5 

Sulfur 

1,000 


0.1-1 

0.01-1 

Ammonia 

50 


0.1-1 

0.1-1 

Alkali (total) 


< 30 

0.1-1 

0.2-1 

Halogens (HCI + HF) 



0.01-1 

0.01-0.1 


Pilot Injection Engine (Diesel Principle) The basic pro¬ 
cess steps of the Diesel engine process (e.g., [58, 59] ) are: 

• Mixing of air and gaseous fuel. 

• Intake and compression of an air fuel mixture by 
the piston. 

• Ignition of pressurized air fuel mixture; the ignition 
in a pilot injection engine occurs by an injection of 
a liquid pilot fuel. 

• Combustion of the fuel and expansion of the flue 
gas; the flue gases move the piston and the piston 
transfers the power via the conrod to the crankshaft. 

• The piston ejects the flue gases. 

These steps repeat cyclically. 

There are statements in scientific publications 
pointing out that pilot injection engines emit much 
more soot than gas engines. 

The gas quality requirements of a pilot injection 
engine are quite similar to those of a gas engine 
(Otto principle). A low and fluctuating heating 
value can be compensated by the injected liquid fuel. 
Also the requirements to laminar flame velocity are not 
as strict. 

Gas Turbine 

Gas turbines (e.g., [64-68]) are common solutions for 
the transformation of chemical energy into mechanical 
power in large-scale plants. As opposed to the recipro¬ 
cation engine principle, all process steps in a gas tur¬ 
bine run continuously but in separated zones of the 
turbine. That is why the combustion can occur without 
interruptions. 


The basic process steps of the gas turbine process are: 

• Air intake and air compression in a centrifugal 
compressor. 

• Injection of pressurized fuel; as fuel clean gases 
and liquids are possible; if the gaseous fuel is 
not pressurized, like the product gas from most 
biomass gasifiers, a separate fuel compression is 
necessary. 

• Combustion under pressure in a combustion 
chamber. 

• Expansion: The flue gases drive an expansion turbine 
and the mechanical power is available at the shaft. 

For small-scale plants, only micro gas turbines are 
interesting. They are used in several facilities but by far 
not as often as reciprocating engines. 

The use of hot producer gas containing tar is basi¬ 
cally possible in gas turbines. But due to the pressurized 
combustion in gas turbine combustion chambers, pres¬ 
surized gasification or a gas compression is necessary. 
Pressurized gasifiers are very seldom realized in small 
scale. Gas compression is not possible with tar 
containing gas, and it is not efficient with hot gas. 
Therefore, gas compression requires gas cooling and 
tar removal just like a reciprocating engine does. Alkalis 
are very harmful to the materials used in gas turbines 
and have to be removed also. Because of the very high 
velocities in a gas turbine, dust particles cause intensive 
abrasion. Thus, the content of dust which can be tol¬ 
erated by a gas turbine is very low. 

Common orders of magnitude for the gas require¬ 
ments are given in Table 4. 
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The lower heating value of the product gas from 
biomass gasification compared to natural gas requires 
an adaptation of the gas turbine. 

Processes with External Combustion 

Common to all processes with external combustion is 
the separation of the combustion part and the heat 
utilization. Only heat is exchanged through solid 
walls. The material flows in the two parts do not mix. 

Stirling Engine A Stirling engine (e.g., [29, 69-73]) 
is a reciprocating engine with an external heat supply 
via heat exchangers. Basically, a Stirling engine is com¬ 
posed of a heated operating cylinder, a cooled com¬ 
pression cylinder, and a heat regenerator. The heat 
regenerator serves for temporary heat storage. The 
operation gas is enclosed in the engine. Typical opera¬ 
tion gases are helium, air, nitrogen, and hydrogen. 

Generally, the process steps of the Stirling process 
are as described below: 

• The compression piston pushes the cold operation 
gas through the regenerator into the operation cyl¬ 
inder. The operation gas is heated in the regenerator 
and in the operation cylinder. 

• The compression piston reaches its dead point. The 
heating of the operation gas is continued in the 
operation cylinder, with the operating gas 
expending so that the operation piston is moved. 
The operation piston transfers the power via the 
conrod to the crankshaft. 

• By passing the dead center, the operation piston 
moves back. The operation gas is pushed through 
the regenerator into the compression cylinder. The 
hot operation gas transfers heat to the regenerator. 
The compression cylinder starts moving back. 

• The cooling of the operation gas is continued in the 
compression cylinder. The compression cylinder 
continues moving back. 

These steps repeat cyclically. 

Externally Heated Gas Turbines The principle of the 
external heated gas turbine is quite similar to that of 
a gas turbine. Only the internal combustion under 
pressure is replaced by a heat exchanger and an external 
combustion. Being separated from the gas turbine 


process, combustion can take place at atmospheric 
pressure. Because the operation gas is only heated and 
does not react, it is normally recirculated into the 
process. In this case, the waste heat after the expansion 
turbine is dissipated by a heat exchanger. In such closed 
cycle, similar to the Stirling engine, the operation gas 
may not only be air but also helium, in particular. 

Due to the separation of the combustion and the 
turbine, a lot of different fuels can be utilized. To reach 
operation gas temperatures as high as in a gas turbine 
with internal combustions by a heat exchanger is often 
the weak point of this technology. At such high tem¬ 
peratures, most materials may easily to be destroyed. 

Gas-Fired Boilers The combination of an 
uncomplex biomass gasifier and a gas-fired boiler can 
have advantages compared to biomass-fired boilers. 
These advantages can be low emissions, very basic boiler 
design, and the possibility of the fuel shift from gaseous 
or liquid fossil fuel to biomass. Small-scale electricity 
generation plants using this combination are very 
uncommon. But this can be a solution for very dirty 
gases as produced in waste pyrolysis and waste gasifica¬ 
tion, or for a fuel shift as part of retrofitting action. 

Because of the external combustion and the heat pro¬ 
vision via recuperation, gas quality requirements are com¬ 
paratively low. Basically, every combustible gas can be used 
in such a plant. Even gas with a very low heating value can 
be used by utilizing this fuel gas in a hot state for combus¬ 
tion and by preheating the air. When using a suitable 
combustion chamber, tar can be used along with the gas 
and simultaneously eliminated during combustion. That 
is why the tar is only a problem in the equipment before 
the combustion chamber, especially in the pipes, valves, 
and nozzles. Therefore, tar containing gas is just to be 
brought to the combustion and fed into the combustion 
process in a hot state. The temperature must not be 
lowered between gasification and combustion. 

Further gas quality requirements depend on the 
emission limits and the used construction materials, 
because corrosion can be a problem. These factors 
determine the tolerable content of sulfur and chlorine 
compounds, for example. 

Fuel Cell 

Fuel cells (e.g., [74-76]) are devices for the electro¬ 
chemical generation of electricity utilizing the chemical 
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energy of fuels. The fuels are oxidized in electrochem¬ 
ical reactions, releasing charge carriers. These charge 
carriers cause a current flow. 

Because of the utilization of fuel in a chemical pro¬ 
cess using catalysts and membranes, the gas 
requirements of a fuel cell are very high. Not only tar 
and dust but also catalyst poisons are limited to 
extremely low values. Nevertheless, projects dealing 
with the utilization of product gas from gasification 
exist. Estimates for the gas requirements are given in 
Table 4. 

Gas Treatment 

Normally, a gap exists between the fuel gas quality 
generated by the gasifiers and the gas quality require¬ 
ments of the gas utilization technologies. Thus, the gas 
quality delivered from the gasifier (Table 5) has to be 
adapted to the requirement of the gas utilization 
(Table 4) used in each particular case so as to prevent 
a deterioration of the gas utilization equipment. 

The extent of the necessary gas treatment depends 
on the techniques used for gasification and gas utiliza¬ 
tion. For example, a countercurrent gasifier generates 
gas with a tar content one order of magnitude higher 
than in the gas produced in other types of single-stage 
gasifiers, and the gas requirement for some pollutants is 
several orders of magnitude higher for the use in fuel 
cells than for a utilization, for example, in gas engines. 
Different solid fuels used in the gasification can also 
influence the quality of the raw product gas because of 
its different content of substances forming gas 


pollutants. For example, in raw gas from straw gasifi¬ 
cation, the content of alkalis will normally be higher 
than in the case of wood gasification. 

This means that, for each combination of fuel, 
gasifier and gas utilization specific demands in terms 
of gas treatment and suitable gas cleaning technologies 
exist. Therefore, below common solutions for typical 
gas treatment tasks are described. 

Tar Removal 

In most cases, tar removal is imperative to the success 
of the gas utilization. All single-step gasifiers generate 
tar. And only in the external combustion of hot gas, the 
tar content is unimportant. High-temperature fuel cells 
are supposed to be able to use tar containing gas, but 
the hazard of damage by sooting is obvious. 

The tar is a product of the pyrolytic decomposition 
taking place during biomass gasification. If the tar is 
not degraded in the following process steps, the tar can 
be found in the raw gas (Fig. 3). Tar consists of hun¬ 
dreds of different organic species that can add up to an 
overall tar content of several tens of g/m N , for exam¬ 
ple, in countercurrent gasifiers. During the pyrolytic 
decomposition, comparatively reactive compounds are 
generated (so-called primary tars). With increasing 
temperatures and increasing residence time at these 
high temperatures, the tar compounds are transformed 
to more stabile substances (so-called secondary and 
tertiary tars). The content of polycyclic aromatic 
hydrocarbons (PAH) rises from primary to tertiary 
tars [6, 81-84]. 


Biomass Gasification for Rural Electrification, Small Scale. Table 5 Gas quality supplied by the gasifiers (values for the 
orientation) [1 1, 32, 76-79] 



Fixed bed 


Fluidized bed 

Impurity [mg/Nm 3 ] 

Cocurrent 

Countercurrent 

Bubbling 

Circulating 

Tar 

10-10,000 

10,000-150,000 

1,000-30,000 

1,000-30,000 

Dust 

100-8,000 

100-3,000 

1,000-100,000 

8,000-100,000 

Sulfur 

5-200 

Ammoniac 

200-2,000 

Alkali (total) 

0,5-5 

Halogens (Hcl + HF) 

<500 
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The main problems with tar are enumerated below 
[25, 60, 85]. 

• Tars are condensing on surfaces and leading to 
agglutination of components. Causative is the 
high viscosity of the tars. The agglutination will be 
increased by dust deposition at these surfaces. 

• On hot surfaces, tar can easily react, causing 
sooting. 

• Substances contained in the tar, like polycyclic aro¬ 
matic hydrocarbons, are carcinogenic and toxic. 

• Tar is environmentally harmful. 

• Being a mixture of hydrocarbons, tar contains a lot 
of the chemical energy of the fuel. 

That is why tar removal usually is the most impor¬ 
tant gas treatment step in electricity-generating plants 
using gasification. 

Because of the specific behavior of tar, being a mix¬ 
ture of organic components and having a condensation 
range from 100°C to 350°C and more, a lot of different 
technologies can be used for tar removal. Figure 11 gives 
an overview. 

A differentiation of removal processes can be done 
between tar separation and tar degradation. The term 
“tar degradation” summarizes chemical processes 
which consume the tar by forming simple chemical 
substances like carbon monoxide, hydrogen, methane, 
and other simple hydrocarbons. Examples for 
these reactions are cracking, partial oxidation, 


steam-reforming, and hydrogenation. Tar separation 
removes tar out of the gas flow without destroying the 
tar’s molecules. In this case, tar remains as by-product 
or waste. Depending on the condensing temperature 
range, two principles of tar separation exist: Gaseous 
tar can be separated above the condensing temperature 
using absorption and adsorption processes. Alterna¬ 
tively, the tar is condensed and removed in a droplet 
removal unit. Typical units for droplet removal are 
quite similar to particulate collection systems. Such 
techniques are, for example, mechanical separators, 
washers, and electrical precipitators. 

A summarizing overview of tar removal techniques 
is given in Fig. 11 and Table 6 and a comparison in 
Table 7. 

Tar Degradation Processes Tar degradation pro¬ 
cesses (e.g., [25, 39, 81, 86, 87]) are waste free and 
nearly wastewater free and the energy content of the 
tar can be used. But until today, no sound tar degrada¬ 
tion process is available. 

Cracking and reforming Cracking is the degradation, 
normally scission, of organic molecules without 
a second reacting agent. Its aim is to produce small 
organic molecules. Reforming means the degradation 
of organic molecules with water-steam as reacting 
agent. Target products are hydrogen and carbon 
monoxide, the most desired gasification products. 



Absorption 

Adsorption 


Mechanical 
precipitator 
Fabric filter 
Electrostatic 
precipitator 


Biomass Gasification for Rural Electrification, Small Scale. Figure 11 

Tar removal processes (overview) 
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Biomass Gasification for Rural Electrification, Small Scale. Table 6 Performance of selected tar removal processes 


Technique 

Catalytic partial 
oxidation 

RME-scrubber 

Electrostatic 

precipitator 

Electrostatic 

precipitator 

Water scrubber 

Principle 

Tar degradation 

Absorption 
(droplet removal) 

Electrostatic 
droplet removal 

Electrostatic 
droplet removal 

Droplet removal 
(absorption) 

Auxiliary material 

Air 

Biodiesel 

— 

— 


Tar content raw gas 
[mg/m N 3 ] 

4,000-10,000 

<4,000 

50,000 

400 

1,000-10,000 

Tar content clean 
gas [mg/m N 3 ] 

<100 

A few 

<10 

15-35 

100-400 

Remark 

Research 

Tested in larger 
scale 

Large scale 

Small scale 

Small scale 


Biomass Gasification for Rural Electrification, Small 
Scale. Table 7 Pros and cons of selected tar removal 
processes 


Tar degradation 

Absorption 
(organic solvent) 

Electrostatic 

precipitator 

+ No waste 

+ Extensive 

+ Extensive 

+ Less 

successful 

successful 

wastewater 

tested 

tested 

+ No cooling 

+ Low raw gas tar 

+ Low raw gas tar 

before tar 

content 

content 

removal 

permanent 

permanent 

+ No dirtying 

reachable 

reachable 

before tar 

+ Commercial 

+ Commercial 

removal 

available 

available 

+ High overall 


+ Experience 

efficiency 


from coke oven 
plants 

— Research and 

— Treatment of 

— Treatment of 

development 

tar waste 

tar waste 

topic 

— Wastewater 

— Wastewater 

— Catalysts or 

— Cooling before 

— Cooling before 

high 

tar removal 

tar removal 

temperature 

essential 

essential 

required 

— Consumption 


— Catalyst 
lifetime 

of solvent 



Advantage 

“Disadvantage 


Because water is contained in the raw product gas, 
these two reactions occur simultaneously. Both 
processes run without catalyst if the temperature is 
high enough. 


Because of the necessary high cracking tempera¬ 
tures of more than 1,000°C which exceeds the gasifica¬ 
tion temperature, thermal cracking downstream 
biomass gasification causes an efficiency loss. This 
makes it an unattractive option for biofuel applica¬ 
tions. But this efficiency loss can be compensated by 
several heat recovery processes. 

The other alternative is the use of a catalyst. Cata¬ 
lytic cracking and reforming provide more attractive 
options in terms of chemical efficiency and process 
economy. The use of catalytic bed materials, like dolo¬ 
mite, limestone, or olivine sands in fluidized-bed gas¬ 
ifiers, limits the tar content of biomass product gas 
typically to less than 10 g/m N . To achieve the required 
gas purity, further catalytic beds or filters are necessary. 
Table 1 summarizes the advantages and disadvantages of 
different catalysts for tar reforming. However, this is 
a major research and development topic of several com¬ 
panies involved in biomass gasification technology. And 
so far, these efforts have not reached a development 
status that makes it suitable for commercial plants. 

Catalyst deactivation by sulfur still is a severe con¬ 
straint for the use of not only Ni-based catalysts but also 
of a huge number of other highly active catalysts. This 
problematic underlines the importance of a favorable 
operating temperature since a sufficient sulfur tolerance 
of Ni-based catalysts requires temperatures of at least 
850-900° C which can hardly be guaranteed because of 
the strong endothermic tar and methane decomposition. 

Another problem is the catalyst deactivation and 
destroying by sooting. Especially in the cracking process, 
soot is produced. Soot is a problem in all tar degradation 
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processes except in partial oxidation, because soot pro¬ 
duction is the energetically preferred process [88-93]. 
An overview of catalysts is given in Table 8. 

Hydrogenation Because of the hydrogen content in 
the product gas, hydrogenation (e.g., [94, 95]) of tar 
is also possible without a feed-in of a reaction agent from 
outside. In a first step, the molecules will be saturated 
and functional groups can be removed. Afterward with 
further hydrogen, a so-called hydro cracking can be 
performed. In this reaction, the molecules will be 
cracked into smaller ones. But, in contrast to other 
cracking reactions, no unsaturated components form, 
because the hydrogen takes part in the reaction and is 
intercalated in the formed molecules. In 
a hydrogenation process, using catalysts with reaction 
temperatures of about 500°C, 50-80% of the tar can 
be removed. This process is especially used for the 
reduction of very high-to-medium contents in a first 
cleaning step, for example, after countercurrent gasifiers. 

Partial oxidation So far in the tar degradation 
processes described above, the required tar content in 
clean gas cannot be reached and the catalysts are 
deactivated quickly. An alternative can be the partial 
oxidation (e.g. [96-100]). Within such a process, air or 
oxygen is added to the raw product gas. With these 
reaction agents, the tar components react, forming 
carbon monoxide, hydrogen, carbon dioxide, and 
water. Thereby the gasification, as reaction of a solid 
fuel generating a gaseous fuel composed of only simple 
substances, is completed in the partial oxidation. Several 
configurations with and without catalysts are tested. 

Such a catalytic-induced partial oxidation with 
metal catalyst on metal support reaches 95% tar deg¬ 
radation and a clean gas tar content of less than 
100 mg/m N 3 in a test facility [25, 101-103]. 

Tar Separation The alternative to tar degradation is 
tar separation. It can be done either in a gas separation 
process or by tar condensing and droplet removal. The 
removed tar contains a high amount of chemical 
energy and is expensive to dispose. That is why 
a process internal utilization (e.g., recycling within 
the gasifier) should be preferred. 

Absorption and adsorption processes Tar separation 
from the gas can be realized by absorption and 


Biomass Gasification for Rural Electrification, Small 
Scale. Table 8 Advantages and disadvantages of different 
catalytic materials for tar reforming [88] 


Catalyst 

Advantages 

Disadvantages 

Calcined 

rocks 

(dolomite) 

Inexpensive and 
abundant 

Fragile materials and 
quickly eroded from 
fluidized beds 

Attain high tar 
conversion 

Olivine 

Inexpensive 

Lower catalytic activity 
than dolomite 

High attrition 
resistance 

Clay 

minerals 

Inexpensive and 
abundant 

Lower catalytic activity 
than dolomite 

Less disposal 
problems 

Most natural clays do 
not support 
temperatures > 800°C 

Iron ores 

Inexpensive 

Rapidly deactivated in 
absence of hydrogen 

Abundant 

Lower catalytic activity 
than dolomite 

Char 

Inexpensive 

Consumption because 
of gasification reactions 

Natural 
production 
inside the gasifier 

Biomass char properties 
not fixed 

High tar 
conversion 

Alkali 

metals 

Natural 

production in the 
gasifier 

Particle agglomeration 
at high temperatures 

Reduce ash 

handling 

problem 

Lower catalytic activity 
than dolomite 

Activated 

alumina 

High tar 
conversion 

Quick deactivation by 
coke 

Transition 

metals 

Complete tar 
reduction at 

900°C 

Rapid deactivation by 
sulfur and high tar 
content 

Increase the yield 
of CO and H 2 

Relatively expensive 


adsorption processes. Both possibilities are discussed 
below. 

Absorption is defined as a separation process, using 
different solubilities of substances in liquids. Tars can 
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easily dissolve to be solubilized in several organic 
solvents such as acetone, tetrahydrofuran, and oils 
[13, 37, 104]. Because of the properties of the tar, the 
absorption of tar with a lower condensing temperature 
occurs normally simultaneously with condensation of 
other tar components and droplet removal by 
scrubbing. 

Currently, scrubbers with organic solvents (e.g., 
FAME) as washing solvent are the most common tar 
removal technologies for small and medium sized bio¬ 
mass gasifiers and are successfully tested at a number of 
plants. Commercial tar scrubbers are the CTU FAME 
scrubber [105,106] used in Guessing and the OLGA tar 
removal [107-110]. 

The FAME scrubber is designed for the Guessing 
gasifier process with a relative moderate tar content 
of <4 g/m N . In the typical application, a first tar 
removal is done by a pre-coated baghouse filter 
operating at 140°C which removes the previously 
condensed heavy tars before FAME scrubber. Within 
the scrubber, the incoming gas is cleaned from tars 
and other organic impurities by initial quenching 
and subsequent absorption with FAME. The gas 
leaves the column with a temperature of 10°C. The 
solvent is regenerated by stripping with C0 2 , but 
a significant amount of FAME containing the sepa¬ 
rated tar is fed into the combustion chamber of the 
dual-bed steam gasifier. Thus, the tar is both, dis¬ 
posed and energetic used. The solution of tar in 
FAME is much easier to handle than pure tar. 
Because FAME is also a biofuel, no fossil-based 
chemical had to combusted. But FAME is more 
expensive than the wood fuel, by which it is never¬ 
theless important to save FAME. In the Guessing 
gasification plant, the FAME scrubber was tested 
successfully with thousands of hours operating 
time and is still running. This technique is also 
successfully used with other gasifier types, especially 
cocurrent fixed-bed gasifiers [111], but the recirculation 
of tar is difficult if no separated combustion facility 
exists. 

OLGA is based on a multiple stage scrubber in 
which the gas is cleaned by proprietary scrubbing oil. 
In the first section, the gas is gently cooled down by the 
scrubbing oil. Heavy tar condensates, is collected, sep¬ 
arated from the scrubbing oil, and recycled to the 
gasifier. In the second stage, lighter gaseous tars are 


absorbed by the scrubbing oil. The saturated oil is 
regenerated in a stripper. Hot air is used to strip the 
tars of the scrubbing oil. This air, loaded with light tars, 
is recycled to the gasifier for combusting and as fluid¬ 
ization medium. Hence, the stripper column design is 
not only based upon tar removal, but also upon the 
amount of air that can be used by the gasifier. 

The following two aspects of these systems can be 
highlighted: 

• The OLGA scrubber has very low oil consumption 
and a lower cooling demand and hence is advanta¬ 
geous in terms of operating costs and GHG 
emissions. 

• The FAME scrubber removes a high proportion of 
thiophenes and hence lowers the further purifica¬ 
tion effort. 

Adsorption (e.g., [39, 112]) is defined as 

a separation process, using different adhesion forces 
of substances on surfaces. Usually, solids with very 
large specific surface are used as adsorbent. Typical 
adsorbents for tar separation are activated carbon and 
charcoal. Because of the properties of the tar, the 
adsorption of tar with a lower condensing temperature 
normally occurs simultaneously with the droplet 
removal by the adsorbent bed acting also as packed 
bed filter. The capacity for the real adsorption is rela¬ 
tively small; that is why these facilities are often run 
only as packed bed filter. Therefore, the tar removal rate 
is often not high enough. If the adsorption really 
occurs, very low clean gas tar contents are reachable 
[112]. The charcoal produced by cocurrent gasifiers can 
be used in these packed bed filters. 

So far, no processes for the tar desorption and the 
reactivation of the activated coal are available. There¬ 
fore, the charcoal and the tar have to be burnt. Tar 
removal systems using fire-proof adsorbents are devel¬ 
oped. The tar can be removed from this adsorbent by 
combustion. What remains afterward is a cleaned 
adsorbent. 

Droplet removal For droplet removal, several 
techniques are available. But the properties causing 
agglutination and the high viscosity of the tar are 
often a problem. Tar can also soil tar removal facilities 
(especially droplet separators) or even destroy then. 
Crucial for the success of these tar removal processes 
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are the complete tar condensation and the formation 
of precipitative droplets. Practical experience has 
shown that these two requirements cannot be easily 
fulfilled. 

Mechanical precipitators use the separation of gas 
and droplets or particles by centrifugal force, for exam¬ 
ple, in cyclones and impact separators. The conglom¬ 
eration of droplets into drops, which are easy to 
separate from gas, enhances the gas cleaning effect 
[104, 113]. Impact separators have been the common 
tar removal techniques in wood gasifiers in the 
middle of the twentieth century and in decentralized 
gas works [114]. Nowadays, the reachable clean 
gas in impact separators tar content is not low 
enough. Other mechanical precipitators are developed, 
but they are predominantly used as dust 
collectors [112]. 

Electrostatic precipitators employ the effect of the 
separation of electrically charged particles or droplets. 
In systems which utilize this principle, smallest droplets 
can be precipitated [113,115]. Very low tar contents are 
reachable, if the tar has been condensed before. Gas¬ 
eous tar cannot be removed in this way. Such precipi¬ 
tators are currently the commonly used tar 
removal technique in coke oven plants. Small and 
medium sized constructions have been developed. 
This technology is another promising tar separation 
technique besides the scrubbers for absorption [111, 
116-118]. 

For the removal of particles and droplets, a lot 
of scrubber designs exist (e.g., [39,81,112]). Because 
absorption is not the primary aim, normally water is 
used as washing agent. But without the effect of 
absorption, the reachable clean gas tar content is 
often not low enough. Because of being quite simple, 
water scrubbers have been the most implemented tar 
removal techniques in the recent small-scale gasifica¬ 
tion activities. But especially systems with water 
scrubbers are problematic if continuous operation is 
what is aimed at. 

Fabric filters are no usual technique for droplet 
removal. Moisture and, of course, agglutination and 
high viscous liquids are able to destroy fabric filters 
within a short time. Nevertheless, so-called pre-coated 
filters are used for dust removal in tar containing raw gas 
and particularly for the separation of tar of high con¬ 
densing temperature [ 106, 119, 120] . The answer to this 


antagonism is the pre-coating. In this process, powders, 
for example lime stone, are spread on the fabric filter 
before the operation and during running as often as 
necessary. Separated dust and liquids remain in this 
layer. Then the ratio between particles, that means 
separated dust as well as pre-coating material, to liquid 
is high enough to hinder the conglomeration of the 
layer. This mixture can be removed from the filter. 

Other Steps of Product Gas Treatment 

Dust Removal Another pollutant normally to be 
removed before the utilization of product gas from 
biomass gasification is dust (e.g., [39, 112, 115, 121]). 
Only in some types of combustion chambers for exter¬ 
nal combustion, dust is supposed to pose no problem. 
But, in these cases, the dust has to be removed from flue 
gas because of emission reduction. Especially gas tur¬ 
bines are very susceptible to deterioration by dust. 

Generally, most of the common dust precipitators 
are applicable for biomass gasification such as 

• Mechanical separators 

• Fabric filters 

• Wet scrubbers 

• Electrostatic precipitators 

The cleaning of the product gas from the gasifica¬ 
tion of biomass causes several specific conditions for 
dust removal. Therefore, the facilities have to be 
adapted. The most important of these conditions are: 

• The gas contains water and especially tar. A dust 
removal system for that application has to be 
designed to obviate problems with the condensa¬ 
tion of water and tar. 

• The gas is combustible. Mixtures containing oxygen 
in a defined ratio can be explosive. That is why, for 
example, cleaning of fabric filters with compressed- 
air is forbidden. 

If the gas temperature falls below the maximum 
condensing temperature of the tar, tar droplets and 
dust particles will be separated together. This has dis¬ 
advantages and advantages. On the one hand, tar and 
dust cannot be separately disposed of or used and the 
dust separation is complicated by liquids as described 
above. But, on the other hand, only one device for gas 
cleaning is necessary. 
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The following applications are frequently used: 

• Dust precipitation with fabric filters at tempera¬ 
tures above the tar condensing range. Sometimes 
this dust precipitation is accompanied by the sepa¬ 
ration of the tar with the highest condensing tem¬ 
perature in pre-coated filters. 

• Separation of dust and tar together in wet scrubbers 
or electrostatic precipitators. 

Other Pollutants Alkali can deteriorate most gas uti¬ 
lizations, especially gas turbines and fuel cells. But it is 
normally removed simultaneously during the gas 
cooling and the dust removal. Often it is adsorbed at 
the surface of dust particles. 

Because product gas from wood contains a lower 
content of halogen and sulfur compounds, these 
substances are not relevant for the product gas 
cleaning for the utilization in electrical energy sup¬ 
ply. Exceptions are only the utilization in susceptible 
devices such as fuel cells and the use of nonstandard 
fuel like straw. 

Fuel Gas Cooling and Water Removal In addition to 
gas cleaning, gas cooling is an important part of gas 
treatment. As explained, for example, for the utilization 
in gas engines, the gas temperature has to stay below 
a limit defined by engine s behavior. The standard solu¬ 
tion is cooling with heat exchangers of recuperator 
design. This makes heat utilization possible. But these 
heat exchangers can also be affected by pollution with tar. 

Alternatively, quench cooling can be employed 
where cold water or cold organic liquids are brought 
in contact with the product gas (e.g., by injection of the 
liquid into the gas). 

If the gas temperature goes below the water dew 
point during the gas cooling, water will be removed 
from the gas. A separate gas drying is normally not 
necessary for small-scale applications for electricity 
production. If water droplets are problematic for the 
further equipment, a slight temperature increase after 
the water separation can solve the problem. 

Flue Gas Treatment 

Flue gases from reciprocating engines often do not 
fulfill the emission limits for carbon monoxide and 
hydrocarbons such as benzol (e.g., [27, 56, 58, 59]). 


Oxidizing catalysts and regenerative thermal post¬ 
combustion are state-of-the-art techniques for the 
reduction of these emissions. 

Overall Process Chains 

Based on the components described, a lot of technical 
possible process chains, which could be operated, can 
be set up. For this, only a few conditions have to be 
fulfilled: 

• The gasifier must be able to utilize the biomass fed 
in and to produce only as much gas as the product 
gas treatment needs. 

• The product gas treatment has to adapt the product 
gas quality generated by the gasifier to the require¬ 
ments of the gas utilization. 

• The gas utilization must be able to generate the 
required amount of energy. 

In addition, a preferable process chain must also 
fulfill a number of further conditions: 

• High efficiency, especially high overall electrical 
efficiency 

• Fow financial and technical input 

• High reliability 

• Fow environmental impact 

• Others depending on the specific task 

The requirements and operational conditions of gas 
utilization and gasification determine the necessary 
additional equipment. In the following, three typical 
examples for such combinations are explained. 

• Cocurrent gasifier and gas engine: relatively simple 
process chain because of relatively clean raw 
product gas 

• Countercurrent gasifier and gas engine: complex 
process chain because of relatively polluted raw 
product gas 

• Countercurrent and Stirling engine: simple process 
chain because of the robust external combustion 

Cocurrent Gasifier and Gas Engine 

This combination of a cocurrent gasifier and a gas engine 
(e.g., [119, 120]) is realized in a lot of concepts. The 
Pyroforce gasification concept is one of the successful 
examples of the implementation of cocurrent 
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gasification. As shown in Fig. 12, the system consists of 
biomass supply, gasifier, multistage product gas treat¬ 
ment, gas engine, waste heat recovery, and flue gas 
treatment. 

Applying a cocurrent gasifier, the fuel requirements 
are quite strict. Only woodchips are allowed to be 
utilized. The size of pieces has to be between 8 and 
63 mm; only 2% fine fraction and 1% coarse fraction 
are tolerable. Also the water content is restricted to 
10%. This is the reason why relatively little effort is 
required for tar removal and handling. The gas treat¬ 
ment consists of a cyclone for the removal of coarse 
dust, the gas cooling, a pre-coated filter for fine dust 
precipitation and tar pre-removal, and an FAME- 
washer for final tar elimination. It has to be considered 
that this system, which is one of the most reliable small- 
scale gasification systems available so far, does not use 
a water washing, but a washing with an organic solvent. 

Plants employing the Pyroforce process with an 
electrical power between 150 and 1,200 kW are running 
in Austria and Switzerland, where commercial opera¬ 
tion has nearly been reached. 

Countercurrent Gasifier and Gas Engine 

There are also plants operating in practice, which apply 
a countercurrent gasifier and a gas engine. One 


successful concept is the Haboore Updraft Gasification 
Technology (e.g., [32, 33]). As shown in Fig. 13, the 
system consists of biomass supply, gasifier, product gas 
treatment, gas engine, waste heat recovery, flue gas 
treatment, and extensive condensate treatment system. 

Applying a countercurrent gasifier, the fuel require¬ 
ments are much less strict than for a cocurrent gasifier. 
Woodchips with 35-55% moisture content can easily be 
utilized. Also the use of low-grade woodchips and waste 
fractions is possible. These and the long time experience 
are the greatest advantages of this technology. 

But the high tar content in the raw product gas of 
countercurrent gasifiers generates a lot of additional 
effort. The raw product gas of the Haboore plants 
contains, in terms of dry gas, 40-100 g/m N tar and 
70-100 g/m N light hydrocarbons. The raw gas treat¬ 
ment employing a gas cooler with a condensate sepa¬ 
rator and an electrostatic precipitator is still able to 
reach a clean product gas tar content of less than 
2 mg/m N . But the effort for the condensate treatment 
is enormous. Several systems have been tested. The 
standard solution applies a separation of light and 
heavy fractions, a vaporization for the light fraction, 
separate combustion chambers for the light and heavy 
fractions (the second one with raw gas as possible 
additional fuel), and heat exchangers for the use of 
the heat from the condensate combustion. This 
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Process schema of the Pyroforce process 
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Gas cooler 



Biomass Gasification for Rural Electrification, Small Scale. Figure 13 

Process schema of the Haboore Updraft Gasification Technology 


condensate treatment is the major shortcoming of this 
technology. 

Plants employing the Haboore Updraft Gasification 
Technology are successfully running under commercial 
conditions in Denmark and Japan. Especially, the plant in 
Denmark (Haboore) has proven its practical performance 
in more than 55,000 h of operation. The existing plants 
are a bit larger than 1 MW electrical output. The gasifier, 
the gas engine, and also the gas treatment can easily be 
scaled down. But, the issue of an economical condensate 
treatment increases with the scale being decreased. 

Countercurrent Gasifier and Stirling Engine 

The combination with a Stirling engine makes it pos¬ 
sible to avoid the problem with countercurrent gasifiers 
described before. Being a gas utilization technique with 
an external combustion, the Stirling engine is able to 
use tar containing gas. In an adequately designed com¬ 
bustion chamber, the tar steam can be burned together 
with the product gas. The tar reacts to carbon dioxide 
and water. With it, the tar is a valuable energy carrier. 
Because the tar is used in the combustion chamber of 
the Stirling engine, no tar removal is necessary to 
protect the engine and so the whole process chain can 
be simplified. But, in addition, tar can be a problem in 
tubes and other devices before burning. 


One system using this combination is the BISEA- 
system developed in Denmark (e.g., [73, 122, 123]). 
There are two main problems with this combination: 

• The reliability is not proven. 

• The efficiency of Stirling engines normally is infe¬ 
rior to the efficiency of gas engines. 

Gasifiers of simple design combined with Stirling 
engines are potential solutions for very small-scale 
applications, if the reliability of these engines can be 
improved. 

Future Directions 

In summary, the gasification of solid biomass is a key 
technology with great prospects for integration in 
future energy systems. Especially the performance of 
small-scale electricity generation, for example for rural 
electrification, can be enhanced. It can be foreseen that 
high efficiencies in this scale are only possible by 
employing gasification techniques. The weak points of 
this technique are currently a global research 
topic. These activities suggest that gasification can 
completely play its potential role in the next few years. 

To increase the rate of commercialization, the fol¬ 
lowing research topics have to be executed with an 
enhancement in efforts: 
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• Investigation of the detailed chemical processes, 
especially the reaction pathways and kinetics 

• Understanding of the behavior of herbaceous bio¬ 
mass as fuel 

• Development of gasifiers which 

• Are able to use different and low-grade biomass 

• Produce gas with less tar and other pollutants 

• Have a high efficiency 

• Are inexpensive 

• Can be operated with less effort 

• Development of inexpensive but high-efficient 
product gas cleaning systems 

• Minimization of the amount of waste and wastewa¬ 
ter, inexpensive but environmentally friendly sys¬ 
tems for their recovery 

• Further development of the gas utilization technol¬ 
ogies with the aim to use low-quality product gases 
to decrease the effort of gas treatment 

• Enhanced system integration 

• Increase in reliability and availability together 
with a reduction of maintenance and operation 
requirements 

All these activities have to be channeled to create 
demonstration plants which can prove the reliability, 
availability, and efficiency of gasification technology. 

A current problem is that the research and espe¬ 
cially development activities in the field of small-scale 
gasification are dispersed to many minor and largely 
isolated players. Of major importance for the future of 
the technology field of small-scale gasification is to 
pool their efforts and/or to win a big player for the 
development of the technology. 

An alternative approach to high-efficient rural elec¬ 
trification employing biomass is to produce high- 
quality fuel from the biomass and to utilize this in 
specialized, decentralized power generators. 
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Glossary 

Biomass Material derived from recent living 
organisms. 

Bioenergy Energy obtained from fuels derived from 
biomass. 

Bioenergy crops Crops for the production of 
bioenergy. 

Marker-assisted selection (MAS) An indirect selec¬ 
tion process in plant breeding. A trait of interest 
(e.g., shoot biomass) is selected based on 
a molecular marker (see “molecular marker”), 
which is linked to the trait. 

Molecular marker Molecular markers are identifiable 
DNA sequences and act as landmarks in the 
genome. They are inherited by the standard laws 
of inheritance from one generation to the next. 

Trait A genetically determined characteristic or condi¬ 
tion. Traits can result from the activity of one single 
gene or an interaction of the activity of several genes 
(e.g., shoot biomass is a so-called quantitative 
trait). 

Autotrophic Autotrophic organisms are able to syn¬ 
thesize organic substances from inorganic 
substances using either light or chemical energy as 
energy source. These organic molecules are then 


used to carry out biological functions including 
cell growth. Autotrophs such as green plants, 
algae, and certain bacteria are the starting point of 
the food chain. 

Heterotrophic Heterotrophic organisms depend on 
the organic compounds synthesized by autotrophs 
and utilize these organic compounds as food. 
Heterotrophs are animals, fungi, most of the bacte¬ 
ria and protozoa. 

Chloroplast Chloroplasts are cell organelles of plant 
cells in which photosynthesis takes place. 

Enzyme Proteins or protein complexes that catalyze 
a biochemical reaction. 

Photosynthetic efficiency The fraction of incident 
solar energy reaching the surface of the plant that 
is converted into chemical energy in the form of 
carbohydrates. 

Stomata Tiny pores of the plant surface necessary for 
transpiration and gas exchange with the surround¬ 
ing air; their opening and closing is controlled by 
various factors such as plant hormones and the 
water status of the plant. 

C3-plants C3-plants use the enzyme Ribulose-1,5- 
bisphosphat-carboxylase/-oxygenase (RuBisCO) 

to make a three-carbon compound as the first stable 
product of photosynthesis. Carbon losses through 
photorespiration are high in contrast to C4- and 
CAM plants. 

C4-plants C4-plants possess biochemical and 
anatomical mechanisms to raise the intercellular 
carbon dioxide concentration at the site of fixation 
and thus reduce carbon losses by photorespiration. 

Crassulacean acid metabolism (CAM) plants CAM 
plants fix C0 2 during the night, store C0 2 as 
a component of the compound malic acid, and 
release it from malic acid during the day. Then it 
is concentrated around and utilized by the enzyme 
RuBisCO, thereby increasing the efficiency of 
photosynthesis. The CAM pathway allows plants 
to remain their stomata shut during the day, 
which reduces evotranspiration and allows plants 
to grow in arid climate. 

Photorespiration Photorespiration is a very complex 
side reaction of the main enzyme of photosynthesis 
(RuBisCO). The catalytic center of RuBisCO is able 
to bind C0 2 or 0 2 in general the enzyme favors 
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C0 2 , but if the level of 0 2 is increasing, which occur 
if stomata are closed - for example, on hot days 
to avoid evaporation - the competition between 
C0 2 and 0 2 is increased and more 0 2 will bound 
to the enzyme. Photorespiration leads to a net 
loss of carbon and reduce the photosynthetic 
efficiency. 

Water use efficiency (WUE) The ratio of photosyn¬ 
thetic C0 2 assimilation and evaporation. 
Monocotyledonous plants In the traditional plant 
taxonomic system, monocotyledonous plants, or 
monocots, are one of the two major groups of 
flowering plants the other one are the dicotyledon¬ 
ous plants, or dicots. Most members of the mono¬ 
cots have one cotyledon or embryonic leaf, in their 
seeds, parallel veins, and floral organs arranged in 
cycles of three. 

Dicotyledonous The second major group of flowering 
plants - see also Monocotyledonous plants. Mem¬ 
bers are characterized by two embryonic leaves in 
their seeds, reticulate veins and floral organs 
arranged in cycles of four or five. 

Harvest index The ratio of grain yield to total plant 
mass. 

Ideotype Ideotypes are defined by breeders, specifying 
the optimal plant for a particular purpose. 

Definition of the Subject 

The energy of sunlight reaching the earth exceeds 
global human energy consumption by a factor of sev¬ 
eral thousand. Plants are equipped with an intrinsic 
energy conversion system - photosynthesis - allowing 
them to utilize sun energy directly for the production 
of biomass. Human mankind has coevolved and 
profited from this energy conversion system by placing 
it at the base of its food production chain and by 
starting the utilization of firewood as its first energy 
source. Enormous attempts have been made by man¬ 
kind to optimize food production from plants via 
targeted agronomical improvements, such as selection 
of most productive crop species, increasing 
agronomical output via the measures of the green 
revolution and by conventional and marker-assisted 
plant breeding. In contrast to this, practically no 
attempts have been made to optimize the use 
of plant material as energy source because access to 


fossil - plant-derived - energy resources was far easier. 
In a future energy scenario, dedicated production of 
plant biomass as an energy source will play a vital role, 
in concert with other sustainable technologies. 

Introduction 

Renewable resources convert solar energy, the rotation 
of the earth and geothermal energy into usable energy. 
Solar power, hydropower, traditional biomass, wind 
energy, geothermal heat, and biofuels - bioethanol, 
biodiesel, and biogas - count as renewable resources. 
Currently, renewable energies supply more than 10% 
of global total energy consumption with increasing 
tendency. Fossil fuels supply 388 EJ (Exajoule; 10 18 J) 
per year - this corresponds to more than 80% of total 
energy consumption - and biomass 45 +/— 10 EJ per 
year, including traditional biomass usage. The world s 
primary demand will grow roughly by 1.6% per year to 
714 EJ in 2030 [1]. The relevance of bioenergy from 
biomass differs from region to region depending on the 
socioeconomical background of the countries: In 
industrialized countries biomass contributes to less 
than 10% of total energy consumption; in developing 
countries this proportion amounts to 20-30%, and 
in some countries it can exceed 50% (Bhutan 86%, 
Nepal 97%). In contrast to the developing countries, 
where traditional biomass (firewood, sometimes dung) 
is the main energy source for noncommercial usage of 
the poorer people (cooking, heating), modern 
bioenergy in industrialized countries is used for indus¬ 
try (heat, electricity), transport (biofuels), and domes¬ 
tic applications (mainly heat). The interest in transport 
fuels increased strongly in the industrialized countries 
(North America, Japan, and Europe) as well as within 
the rapidly developing Asian nations (China and India) 
and in Brazil. For example, the production of ethanol 
was doubled from 2000 to 2009 and the production of 
biodiesel was increased by a factor of 3. In contrast 
to this, the production of crude oil increased only by 
7% [2, 3]. 

For this energy provision, biomass is needed. This is 
true for residues and energy crops. The so-called first- 
generation bioenergy crops were developed from food 
crops and therefore they compete for fertile land and 
external inputs with food crops. For bioethanol pro¬ 
duction, globally relatively few crop species are used 
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(maize, sugarcane, oil palm, rapeseed). These crops 
need a high amount of energy input in form of fertilizer 
and tillage. Thus, they are of limited value from the 
point of sustainability. For these reasons, new varieties 
and species were included - the second-generation of 
bioenergy plants. The aim was to find plants, which do 
not compete with food crops and which influence the 
environment in a mitigating and positive manner. Bio¬ 
mass productivity is the result of different factors, 
which interact with each other: the genetic background 
of the variety, the environmental conditions, external 
factors like the grade of rationalization in agriculture, 
and the local socioeconomic base. 

Generation of Biomass in Plants and Animals 

Plants are “autotrophic” organisms that live and grow 
based on consumption of nonliving matter and energy 
only. They can acquire energy from sunlight via the 
light-harvesting complexes of their photosystems and 
use this energy to produce organic matter from mineral 
nutrients, atmospheric carbon dioxide, and water. As 
a by-product they generate and release oxygen, thereby 
facilitating animal life. Hence, the nutrition and gener¬ 
ation of plant biomass does not necessarily depend on 
the interaction with any other organism, although 
many plants benefit from symbiotic use of other organ¬ 
isms in their vicinity. 

Animals and fungi are different. They have never 
evolved to “take care of themselves,” but they have 
found successful ways to lead a life and to produce bio¬ 
mass heterotrophically - based on the consumption of 
dead organic matter. They also have complicated meta¬ 
bolic pathways, converting certain compounds into other 
compounds. But at the base of these reactions they 
depend on organic substances (such as carbohydrates, 
lipids, proteins, vitamins), which have been produced by 
other organisms and ultimately by plants. 

Hence, renewable energy can only be produced in 
a sustainable and carbon-neutral way mostly from 
plants. For this reason, this entry will show how plants 
capture energy from sunlight to produce biomass and 
it will show the limits and potentials of this process in 
the context of energy crops for human use. Further¬ 
more, it will elaborate on the ongoing and prospective 
refinement of plants to quench the human need for 
food and energy. 


Conversion of Light Energy into Chemically Bound 
Energy 

Plants utilize the energy of light quanta to drive bio¬ 
chemical reactions with which they convert anorganic 
elements and compounds into organic molecules. Both 
energy conversion (via photosynthesis) and growth 
processes (via assembly of these organic molecules to 
biomass) are processes that are characteristic features 
of plants, which have been optimized in evolution. 
Intelligent and sustainable production of biomass for 
renewable energy requires thorough basic process 
understanding of both processes and directed meliora¬ 
tion of photosynthesis and of growth. 

Photosynthesis 

Photosynthesis converts light energy into chemically 
bound energy, thereby liberating oxygen from H 2 0 
(to form 0 2 ) and anabolizing carbohydrates from 
C0 2 and H 2 0. Six molecules of carbon dioxide and 
water are used for the production of one molecule of 
carbohydrates and six molecules of oxygen. The overall 
equation for the type of photosynthesis that occurs in 
plants is shown below (Eq. 1). 

6C0 2 + 6H 2 0—» C6Hi 2 06 + 60 2 (1) 

Carbondioxide Water Carbohydrates Oxygen 

The primary process in this conversion of energy 
from one form into another is the acquisition of pho¬ 
tons by chlorophyll molecules, thereby lifting the 
energy status of chlorophyll molecules to higher levels. 
These acquisition processes occur in two biochemically 
distinct regions: Photosystem I and Photosystem II. 

The Z-scheme is an energy diagram for electron trans¬ 
fer in the “light reactions” of plant photosynthesis. The 
y-axis shows an energy scale for each molecule’s ability to 
transfer an electron to the next molecule, proceeding 
from left to right. The source of electrons is water (see 
on the left side). Plants transform light energy into an 
electron flow and hence into chemical energy in the form 
of reduced NADPH and adenosine triphosphate (ATP), 
which are used in the following Calvin-cycle to drive the 
production of glyceraldehyde-3-phosphate. Thus, the 
Z-scheme depicts the sequence of electron flow (oxida¬ 
tion and reduction) from the perspective of plant’s energy 
acquisition. Three major protein complexes are involved 
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in the Z-scheme: (1) the Photosystem II, (2) the 
Cytochrome bf complex (containing Cytb 6 , FeS and 
Cytf, in the middle of the Z), and (3) the Photosystem 
I (http://www.life.illinois.edu/govindjee/). Abbrevia¬ 
tions from left to right: Mn for a manganese complex 
containing 4 Mn atoms, bound to Photosystem II 
(PSII) reaction center; Tyr for a particular tyrosine in 
PSII; 0 2 for oxygen; H+ for protons; P680 for the 
reaction center chlorophyll (Chi) in PSII: it is the 
primary electron donor of PSII; Excited (Chi) P680 
for P680 * that has the energy of the photon of light; 
Pheo for pheophytin molecule (the primary electron 
acceptor of PSII; it is like a chlorophyll a molecule 
where magnesium (in its center) has been replaced by 
two “H”s); Q a for a plastoquinone molecule tightly 
bound to PSII; Q B for another plastoquinone molecule 
that is loosely bound to PSII; FeS for Rieske Iron Sulfur 
protein; Cyt. f for Cytochrome f; Cytb 6 (L and H) for 
Cytochrome b 6 (of Low and High Energy); PC 
for copper protein plastocyanin; P700 for the reaction 
center chlorophyll (Chi; actually a dimer, i.e., two 
molecules together) of PSI; it is the primary electron 
donor of PSI; Excited (Chi) P700 for P700 * that has the 
energy of the photon of light; A 0 for a special chloro¬ 
phyll a molecule (primary electron acceptor of PSI); A : 
for a phylloquinone (Vitamin K) molecule; F x , F A , and 
F b are three separate Iron Sulfur Centers; FD for 
ferredoxin; and FNR for Ferredoxin NADP oxido 
Reductase (FNR). 

The photosystems are large complexes composed of 
a number of different pigments and other molecules 
that are working together in a very clever way to max¬ 
imize the use of light energy (Fig. 1). The parts of these 
pigment complexes that do the job of capturing light 
quanta are called “light-harvesting complexes”; other 
parts are responsible to initiate biochemical reactions 
utilizing the energy of a de-exciting chlorophyll mole¬ 
cule while still other parts are responsible to deal with 
excessive light energy that cannot immediately be 
transferred to biochemical reactions. Some of the 
light energy is used in the end to mobilize “ATP- 
synthase,” a macromolecular protein complex, which 
is driven by a flux of protons from one side of the 
membrane to the other and which finally anabolizes 
the energy-rich molecule adenosine triphosphate 
(ATP) from adenosine diphosphate (ADP) and phos¬ 
phate (P) (Fig. 2). ATP is the universal energy currency 


of all living matter; decomposing ATP to ADP and P 
drives a plethora of biochemical reactions in both 
plants and animals. 

The conversion efficiency of these reactions is 
extremely high. Almost 100% of the incoming light 
energy can be transferred to the primary steps of bio¬ 
chemical reactions, which is decreased by a number of 
biochemical “downstream reactions” finally resulting 
in biomass gain via growth processes. 

All of the above-mentioned so-called light reactions 
of photosynthesis (they are driven by the energy of 
sunlight) take place in the chloroplast. Chloroplasts 
are organelles contained in each green plant cell. Aver¬ 
age leaf tissue contains around 500,000 chloroplasts 
per mm 2 ;. The fraction of light energy not used for 
mobilization of ATP-synthase is providing energy to 
the so-called dark reactions: The specific biochemical 
reactions that assemble carbohydrates and oxygen from 
C0 2 and H 2 0 (reactions independent of sunlight that 
can proceed at day or night). 

As a central step of these dark reactions, 
the enzyme Ribulose-l,5-bisphosphat-carboxylase/- 
oxygenase (RuBisCO) captures C0 2 and releases car¬ 
bohydrates consisting of three carbon atoms, which are 
later combined to compounds such as sucrose, starch, 
and cellulose. The core cycle of dark reactions is called 
Calvin- or Calvin-Benson cycle (Fig. 3). Its core 
enzyme, RuBisCO is the most abundant enzyme to be 
found in all organisms worldwide. 

This is the core set of processes performed in 
nature to convert solar energy into the components 
of biomass providing human mankind with energy 
and food. This set of processes is performed by all 
green plant biomass throughout the entire world, 
both on land and in the ocean. A map of global pho¬ 
tosynthetic productivity (Fig. 4) shows impressively 
that this process embraces the entire globe, with max¬ 
ima in tropical regions and boreal biomes. Minima are 
found in polar regions where temperature is too low, 
deserts, where water is scarce, and certain ocean regions 
where lack of mineral nutrients imposes shortages on 
biomass production. 

Photosynthetic Strategies in Plants 

There are mainly three photo synthetic strategies in 
plants. They are characterized by differing processes 



514 


Biomass Production 


Z-Scheme of Electron Transport in Photosynthesis 



Govmdjee & Wilbert Veit (2010) 
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Biomass Production. Figure 1 

The Z-Scheme diagram of photosynthesis shows the electron pathway from water to Nicotinamide Adenine Dinucleotide 
Phosphate, oxidized form (NAPDH + ); the electrons come from the reduction of water and are used for the production of 
NADPH. The first Z-Scheme was developed 1960 by Hill [4], many versions of this scheme were developed in the following 
years. The depicted Z-Scheme was designed by Veit, W. and Govindjee in 2010 (http://www.life.illinois.edu/govindjee/2010_ 
z-scheme.pdf). The Z-scheme is an energy diagram for electron transfer in the "light reactions" of plant photosynthesis. The y- 
axis shows an energy scale for each molecule's ability to transfer an electron to the next molecule, proceeding from left to 
right. The source of electrons is water (see on the left side). Plants transform light energy into an electron flow and hence into 
chemical energy in the form of reduced NADPH and ATP, which are used in the following Calvin-Cycle to drive the production 
ofglyceraldehyde-3-phosphate. Thus, the Z-scheme depicts the sequence of electron flow (oxidation and reduction) from the 
perspective of plant's energy acquisition. Three major protein complexes are involved in the Z-scheme: (1) the Photosystem II, 
(2) the Cytochrome bf complex (containing Cytb 6 , FeS and Cytf, in the middle of the Z) and (3) the Photosystem I (http:// 
www.life.illinois.edu/govindjee/). Abbreviations from left to right: Mn for a manganese complex containing 4 Mn atoms, 
bound to Photosystem II (PSII) reaction center; Tyr for a particular tyrosine in PSII; 0 2 for oxygen; H+ for protons; P680 for 
the reaction center chlorophyll (Chi) in PSII: it is the primary electron donor of PSII; Excited (Chi) P680 for P680* that has the 
energy of the photon of light; Pheo for pheophytin molecule (the primary electron acceptor of PSII; it is like a chlorophyll a 
molecule where magnesium (in its center) has been replaced by two "H"s); Q A for a plastoquinone molecule tightly bound to 
PSII; Q b for another plastoquinone molecule that is loosely bound to PSII; FeS for Rieske Iron Sulfur protein; Cyt. f for 
Cytochrome f; Cytb 6 (L and H) for Cytochrome b 6 (of Low and High Energy); PC for copper protein plastocyanin; P700 for 
the reaction center chlorophyll (Chl;actually a dimer, i.e., two molecules together) of PSI; it is the primary electron donor of 
PSI; Excited (Chi) P700for P700* that has the energy of the photon of light; A 0 for a special chlorophyll a molecule (primary 
electron acceptor of PSI); At for a phylloquinone (Vitamin K) molecule; F x , F A , and F B are three separate Iron Sulfur Centers; 
FD for ferredoxin; and FNR for Ferredoxin NADP oxido Reductase (FNR) 
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of water 

LUMEN (high H + ) 

Biomass Production. Figure 2 

Light-dependent reactions of photosynthesis at the thylakoid membrane (Taiz and Zeiger, Plant Physiology, 4th edition, 
ISBN 0-87893-856-7). The figure shows the four protein complexes which are part of the electron- and proton transfer. 
Inside the lumen water is oxidized and protons are released through the Photosystem II (PS II). In the stroma, NADP + is 
reduced to NADPH via Photosystem I (PSI), ferrodoxin (Fd) and Flavoprotein ferrodoxin-NADPH reductase (FNR). 
Furthermore the cytochrome b 6 f complex transports protons into the lumen, which also contribute to a proton gradient. 
The movement of these protons along the electro-chemical proton gradient through the ATP-synthase is used to produce 
ATP on the stroma side. Reduced Plastoquinone (PQH2) and Plastoquinone (PC) transfer electrons to the cytochrom-b 6 f 
complex and to the PSI respectively 


and metabolic pathways of dark reactions. They are 
called “C 3 pathway” “C 4 pathway,” and “Crassulacean 
acid metabolism” (CAM). The latter two are special¬ 
ized and more efficient variations of the basic princi¬ 
ples of C 3 photosynthesis depicted above. C 4 and CAM 
have been evolved in some species by adding some 
more complexity to the enzymatic machinery and the 
subcellular localization of photosynthesic processes. 
C 3 and C 4 plants use different enzymes for capturing 
the atmospheric C0 2 : C 3 plants use RuBisCo to fix C0 2 
from the atmosphere and the first primary product is 
a 3-carbon organic acid: namely 3-phosphoglyceric 
acid. In contrast, C 4 and CAM (Crassulacean acid 
metabolism) use phosphoenolpyruvate (PEP) carbox¬ 
ylase to capture the carbon. Their first photosynthesis 
products are 4-carbon organic acids: malate and aspar¬ 
tate. The C 3 pathway is adapted to operate at optimal 


rates between 15°C and 20°C. The capturing of C0 2 via 
RuBisCo is temperature dependent: At higher temper¬ 
ature, relatively less carbon is fixed and more 0 2 is 
generated resulting in rather limited growth. Further¬ 
more, under high temperatures stomata (the pores 
allowing atmospheric air to get in contact with photo- 
synthetic tissue) are closed, thus less C0 2 reaches the 
chloroplast and the C0 2 /0 2 ratio decreases further. In 
contrast, C 4 plants are adapted to operate at optimal 
rates under higher temperatures (30-35°C) and have 
higher rates of C0 2 exchange; the PEP carboxylase is 
more efficient in capturing C0 2 independent of tem¬ 
perature, but this way costs more chemical energy in 
form of ATP. Agriculturally important C 3 species are 
wheat, rice, and barley. C 4 plants are, for example, maize 
and sorghum. CAM plants are adapted to very dry con¬ 
ditions; they capture light energy during the day with 



















































516 


Biomass Production 


Carbon input 



i 


Sucrose, starch 


Carbon output 


Biomass Production. Figure 3 

Overview of the Caclvin cycle and carbon fixation. NADPH 
and ATP which are produced in the preceding light reaction 
and the oxidative phosphorylation are used to metabolize 
glyceraldehyde-3-phosphate into hexose sugars which are 
the primary products of the metabolism and a source of 
nutrients for heterotrophs. The enzyme RuBisCo catalyzes 
the carboxylation of carbon dioxide into two molecules of 3- 
Phosphoglycerate. One molecule is used for the regeneration 
of the calvin-cycle and the other one for the central metabolic 
pathway. In different steps, 3-Phosphoglycerate is converted 
into Ribulose 5-phosphate, which is regenerated to Ribulose 
1,5-bisphosphate through a phosphorylation by the enzyme 
Phosphoribulose kinase. Then the cycle can start all over 
again (Taiz and Zeiger, Plant Physiology, 4th edition, ISBN 
0-87893-856-7) 


stomata closed. Only during the night, CAM plants, such 
as cacti, agave, and pineapple, open their stomata and fix 
C0 2 . Due to this mechanism, they have high water use 
efficiencies (WUEs) [5, 6]. At a given radiation level, 
the C 4 species have higher rates of C0 2 exchange than 
C 3 species: Thus great effort is made to engineer C 4 
enzymes into C 3 plants, especially into rice [7-9]. 


The theoretical maximum photosynthetic 
efficiency - which is the fraction of the incident solar 
energy reaching the surface of the plant that is 
converted into chemical energy in the form of carbo¬ 
hydrates present in the differentiated plant tissue - is 
calculated as 3.3% for C 3 plants and 6.7% for C 4 plants 
[10-12]. For C 4 plants, this value originates from the 
following factorial calculation: 100 times 0.5 times 
0.8 times 0.28 times 0.4 = 6.7%, where 

• The factor 0.5 represents the 50% of photosynthet- 
ically active radiation (PAR) of total energy of the 
solar radiation that arrive at the earths surface. The 
wavelengths used by plants are between 400 and 
700 nm. 

• Eighty percent (factor 0.8) of PAR are captured 
by photosynthetically active compounds. The rest 
is reflected, transmitted, or absorbed by non- 
photosynthesizing material. 

• A theoretical minimum of eight photons of PAR are 
required to convert the radiation energy to glucose 
[ 13], which corresponds to 28% (factor 0.28) of the 
light energy of these photons. 

• Finally, 40% (factor 0.4) of the energy stored in 
photosynthesis are consumed during dark respira¬ 
tion to sustain all metabolic processes of the plant. 

C 3 have a lower photosynthesis than C 4 plants due 
to an additional loss of about 30% of the C0 2 already 
fixed during photo respiration - a suite of biochemical 
reactions coupled to the core activity of RuBisCo. Fur¬ 
thermore, the light-utilizing capacity of C 3 plants 
becomes light-saturated at lower light intensities 
than for C 4 plants. In consequence, C 3 plants are 
unable to utilize approximately 30% of the light 
absorbed by photosynthetically active compounds, 
thus the maximum efficiency of energy conversion 
for C 3 plants is about: 100 times 0.7 times 0.7 times 
0.067 = 3.3%. 

In the field, the average photosynthetic efficiency 
is often below 1%, due to unfavorable weather condi¬ 
tions, short vegetation periods in the temperate 
climates, or due to acute biotic and abiotic stresses. 
As shown above, C 4 plants have higher photosynthetic 
efficiencies and thus efforts are made to find bioenergy 
crops in this group in order to increase biomass and 
yield. Unfortunately, most of the C 4 plants are not 
adapted to the temperate zones. In order to adapt C 4 
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Biomass Production. Figure 4 

Composite image showing the global distribution of photosynthesis, including both oceanic phytoplankton and land 
vegetation (http://en.wikipedia. 0 rg/wiki/File:Seawifs_global_biosphere.jpg) 


bioenergy crops to colder climates, genetic selection of 
C 4 plants with improved cold tolerance is necessary 
(e.g., for maize see [14, 15] and for sorghum see 
[16, 17]). 

Biomass Growth and Metabolism 

Still it is not fully clear how photosynthetic efficiency 
and growth processes interact in detail with each other. 
The way how environmental factors (light, tempera¬ 
ture, water), the genetic structure of genotypes and 
populations and external outputs (fertilizer, irrigation, 
tillage) and their interactions - the so-called genetic x 
environment interaction - affect photosynthesis, 
growth, and final biomass is far from being under¬ 
stood; thus a prediction of final biomass from the 
theoretical maximum of photo synthetic efficiency is 
difficult at the moment. 

At first glance, plant growth seems to be a trivial 
process. It is easy to understand that a seedling planted 
in a flower pot can grow better if placed next to a sunny 
window compared to the seedling left behind in the 
dark corner of the basement (provided that both 
received enough water and the same soil). Yet, it is 
not possible to explain mechanistically, why the same 


seedling would have grown much better if it would 
have been planted in the garden in front of that window 
at the appropriate time of the year. Plants have evolved 
not only to withstand a wide range of adverse environ¬ 
mental conditions but also to grow optimally in 
a certain matrix of dynamically varying environmental 
conditions to which they are exposed during a typical 
growth season. Plants are sessile organisms, which has 
the simple consequence that they cannot escape from 
unexpectedly cold nights, hot midday hours, dry or wet 
periods. Moreover, they grow with one half of 
their body in the atmosphere, being exposed to contin¬ 
ually varying light intensity, temperature, herbivore 
pressure, and other dynamically varying factors - and 
with their other half in the soil with much more 
constant temperature regimes but often spatially very 
heterogeneous supply of water and mineral nutrients. 
Since their energy and biochemical growth substrates, 
ultimately provided by photosynthesis, have to 
be shared between these two parts of their body - the 
root and the shoot - they are continually facing the 
dilemma to meet the decision whether to invest into 
the root or into the shoot, whether to invest the surplus 
of energy and metabolites in growth at all or to invest it 
in storage or in the assembly of more refined, so-called 
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secondary metabolites responsible for protection and 
defense. Despite the second dilemma, plants need to 
grow throughout their entire lifetime, since this is their 
only chance to get access to an increased pool of 
resources on the background of their sessile lifestyle. 
Otherwise, their neighbor plants will be faster and steal 
sunlight, water, or mineral nutrients. The only way out 
of the constant thrive for increased growth to keep up 
the success of the plant’s body is to invest in “generative 
growth” - the production of seeds or other forms of 
offspring that can finally seek their fortune at a differ¬ 
ent place with less competition or that can endure until 
times have come that provide better circumstances of 
living. This prosaic description of the dilemmas, deci¬ 
sion processes, and boundary conditions of plant 
growth and metabolism is far from being put into 
mechanistic equations, displaying how to engineer the 
metabolic network of growth processes. 

In contrast to photosynthesis, it is not even clear, 
whether a core pattern of basic principles, such as light 
and dark reactions in C 3 -photosynthesis, exists for the 
basic processes of plant growth. In recent years, it could 
be shown that different plant species and different plant 
organs grow at different times of the day and with 
a different spatial distribution of growth activity within 
growing organs [18-24]. 

It has long been known that the organization of 
leaf growth differs strongly between two major groups 
of higher land plants: the dicotyledonous and the 
monocotyledonous species [18, 25, 26]. An overview 
of different temporal growth patterns of monocots and 
dicots is shown in Fig. 5. Monocot leaves show highest 
growth rates during the day (white background of right 
panels in Fig. 5) and growth is often directly linked to 
air temperature. In leaves of dicot plants, there are two 
major types of growth cycles differing with respect to 
their phase (occurrence of maxima and minima during 
24 h): Type 1 leaves show maximal growth activity at 
the beginning of the day and have a base-tip gradient of 
relative growth rate (RGR) over the leaf. This means 
that there are higher growth rates at the leaf base and 
lower growth rates at the tip. Ricinus communis , Nico- 
tiana tabacum , Nicotiana attenuata , and Arabidopsis 
thaliana show this pattern. Type 2 leaves show maximal 
growth rates at the end of the day. Populus deltoides and 
Glycine max belong to this Type 2. Furthermore, those 
two species do not show a base-tip gradient. 


Only now, it has been realized that the rules, which 
different species have to follow in order to produce 
biomass, differ between species in a way that is difficult 
to predict from prior plant biology knowledge. Only 
detailed studies of when and where plants grow in 
certain environmental conditions will allow biologists 
to understand better the serendipitous pathways of the 
metabolic processes that lead from some basic mole¬ 
cules produced in photosynthesis to a fully functional 
plant to be utilized for human purposes. 

Plant Selection and Plant Breeding 

Breeding aims for improved biomass crops differ 
strongly from traditional breeding aims for agricul¬ 
tural crops that are the base of human nutrition. The 
most successful grain crops are derived from wild 
relatives characterized by huge seeds and an annual 
life strategy. From the beginning of agriculture on, 
these crops were produced with higher efficiency com¬ 
pared to other species (less effort for a certain yield), 
could be stored for a relatively long time and could be 
improved rapidly due to their short generation time. 
With the advent of modern breeding methods, the 
habitus of these cereal plants changed toward varieties 
with short stems that were able to put an ever higher 
fraction of their biomass into their seeds, thus increas¬ 
ing their harvest index - the biomass invested in grain 
or fruit divided by total shoot biomass. In contrast to 
food crops, bioenergy plants are mainly harvested for 
their carbon and not for their nitrogen content. Bio¬ 
mass crops of the second generation such as 
miscanthus and willow contain only one-tenth of 
nitrogen compared to cereal crops. For fermentation 
processes, an improved lignocellulosic accessibility to 
enzymatic degradation is an advantage because this 
reduces the energy cost of the refining process. A long 
growing season is an advantage and biomass crops 
should have low proportional allocation of dry matter 
content to reproductive structures, thereby having 
a low “harvest index” in contrast to cereals. In sum¬ 
mary, the ideal attributes of crops for biomass pro¬ 
duction are quite different from the ones of food 
crops: So-called new plant “ideotypes” are defined 
by breeders, specifying the optimal plant for 
a particular purpose. Once the plant model is defined 
it becomes a breeding target [27, 28]. Searching 
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Biomass Production. Figure 5 

Different growth patterns of leaves and roots between dicots and monocots. Schematic overview of (from left to right) 
the relationship between environmental dynamics, growth zone positioning, spatiotemporal growth patterns in 
leaves and roots, and drivers of growth patterns [18]. REGR relative elemental growth rate, RGR relative growth rate, 
LER leaf elongation rate, V tip velocity of the root tip 


for new species and varieties such as willow, 
jatropha, and perennial grasses with new ideotypes 
is necessary (http://www.fao.org/news/story/en/item/ 
44142/icode/). Todays “first-generation” biomass 
crops come from a limited number of crop species 
that are not specifically bred for this purpose such 
as maize, sugarcane, oil palm, and rape seed [29]. 
These bioenergy crops are not suitable to mitigate the 
levels of greenhouse gases and global climate change. 
Moreover, they compete with food crops for land, 
water, and nutrients. As specified above, new genetic 
resources have to be exploited and technological break¬ 
throughs are needed to develop second- and third- 
generation bioenergy crops, defined by a range of 
ideotypic traits including improved water-, nutrient-, 


and light-use efficiencies and improved accessibility 
of lignocellulose cell wall material to enzymatic 
degradation. Recent breeding efforts aim to increase 
vegetative biomass and yield and to improve chemical 
composition of plant biomass in order to increase 
conversion efficiency. Many species of this new 
generation of biofuel plants will be adapted to marginal 
lands that are unsuitable for most food or feed 
crops [6, 30]. 

For the breeding of these new species they need 
to be domesticated; the inter-annual variability of 
yield must be reduced. The breeding and genetic mod¬ 
ification efforts of these second-generation bioenergy 
crops are at the beginning compared to that of food 
crops. Basic breeding programs must include the 
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collection and evaluation of genetic resources, the 
genetic analysis and development selection criteria, 
the genetic improvement for biomass yield and 
energy-related properties [31-33] through classical 
selection, genetic modification, and marker-assisted 
selection. Currently different perennial herbaceous 
species (C 4 grasses like miscanthus ), woody plants 
(such as eucalypthus, jatropha, and poplar), and 
microalgal systems are analyzed [34-39]. 

Future Directions 

Plant biomass is, and could be even more an important 
contribution to energy production in future. Potential 
biomass productivity depends on the genetic back¬ 
ground of plants, the specific environmental conditions 
where plants grow, external factors such as the grade of 
rationalization in agriculture, and also the specific 
socioeconomic conditions of the countries in which 
these crops will be cultivated. These factors interact 
with each other and therefore there is no single strategy 
for all countries, but still some points are important to 
be considered on a global level. It is necessary that the 
production of energy crops is not in competition with 
food crops for human nutrition. Energy crops need to 
be produced in an environmentally mitigating manner 
while at the same time energy consumption during 
cultivation must be reduced, thereby increasing and 
energy efficiency of the crop. New species supply 
a broad range of available genetic material, which 
could be the base for breeding and selection. There is 
a lot of room for more efficient production of plant 
biomass from available resources. The key to utilizing 
this potential resides in an improved understanding of 
plant growth processes that generate usable biomass 
from the first and very efficient biochemical reactions 
of photosynthesis. 
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Glossary 

Agricultural residues Biomass residues originating 
from production, harvesting, and processing in 
farm areas [ 1 ]. 

Bioenergy Energy from biomass [ 1 ]. 

Biofuel Fuel produced directly or indirectly from 
biomass [1]. 

Biomass Material of biological origin excluding mate¬ 
rial embedded in geological formations and/or 
transformed to fossil. (1) Herbaceous biomass: Bio¬ 
mass from plants that has a non-woody stem and 
which dies back at the end of the growing season. 
(2) Fruit biomass: Biomass from the parts of a plant 
which hold seeds. (3) Woody biomass: Biomass 
from trees, bushes, and shrubs [ 1 ]. 

Biomass residues Biomass originating from well- 
defined side-streams from agricultural, forestry, 
and related industrial operations [ 1 ]. 

Carbon leakages Increase of the Greenhouse gas 
(GHG) emissions in one country as a result of the 
climate change mitigation activity in another coun¬ 
try by, i.e., relocation of the energy-intensive pro¬ 
duction to the country with less restrictive 
environmental law. The opposite situation (reduc¬ 
tion of the GHG emissions in one country as 


a result of climate mitigation policy in another 
country), known as spill-over, is also possible [2, 3]. 

Carbon-rich soils Soils with very high carbon content, 
such as wetlands, peatlands, etc. 

Cereal crops Annual crops grown with the main pur¬ 
pose to use the seed for food production. Some 
cereal crops (barley, wheat, rye, oat) can be used 
as a solid biofuel [ 1 ]. 

Certification system The system of assuring the sus¬ 
tainable production of the biomass or biomass fuel. 

Climate change Change in the state of the climate that 
can be identified (e.g., using statistical tests) by 
changes in the mean and/or the variability of its 
properties, and that persists for an extended period, 
typically decades or longer. Climate change may be 
due to natural internal processes or external forc¬ 
ings, or due to persistent anthropogenic changes 
in the composition of the atmosphere or in land 
use [2]. 

C0 2 equivalent (1) Concentration: The concentration 
of carbon dioxide that would cause the same 
amount of radiative forcing as a given mixture of 
carbon dioxide and other greenhouse gases. 
(2) Emission: The amount of C0 2 emission that 
would cause the same radiative forcing as an emit¬ 
ted amount of a well-mixed greenhouse gas, or 
a mixture of well-mixed greenhouse gases, all mul¬ 
tiplied with their respective Global Warming Poten¬ 
tials to take into account the differing times they 
remain in the atmosphere [2]. 

Energy crops Woody or herbaceous crops grown spe¬ 
cifically for their fuel value [ 1 ]. 

Energy forest trees Woody biomass grown specifically 
for its fuel value in medium to long rotation for¬ 
estry [1]. 

Energy (1) Primary energy: Energy forms without tech¬ 
nical conversion (e.g., coal, lignite, raw biomass, wind 
energy). (2) Secondary energy: Energy produced by 
the conversion of the primary energy carriers (e.g., 
coal briquettes, gasoline, heating oil, electrical 
energy). (3) End energy: Energy available for the 
end-consumer (e.g., heating oil in the oil tank, pellets 
at the oven, electrical energy before the electricity 
meter). (4) Useful energy: Energy used by the con¬ 
sumer after the last conversion to satisfy demands 
such as meal preparation, heating, etc. [4]. 
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Energy efficiency The ratio of energy in the 
energy carrier to the energy obtained after the 
conversion. 

Fixed carbon Remainder after the percentage of 
total moisture, total ash, and volatile matter are 
subtracted from 100 ([1], Adapted from ISO 
1213-2:1992). 

Forest Defined under the Kyoto Protocol as 
a minimum area of land of 0.05-1.0 ha with tree- 
crown cover (or equivalent stocking level) of more 
than 10-30% with trees with the potential to reach 
a minimum height of 2-5 m at maturity in situ. 
A forest may consist either of closed forest 
formations where trees of various storey and under¬ 
growth cover a high proportion of the ground or of 
open forest. Young natural stands and all planta¬ 
tions that have yet to reach a crown density of 
10-30% or tree height of 2-5 m are included 
under forest, as are areas normally forming part of 
the forest area that are temporarily un-stocked as 
a result of human intervention such as harvesting or 
natural causes but which are expected to revert to 
forest [2]. 

Fuel Energy carrier intended for energy conversion. 
Fuels may be solid, liquid, or gaseous, and they 
may originate from biomass, waste, and/or fossil 
material [1]. 

Greenhouse gases (GHGs) Gaseous constituents of the 
atmosphere (natural and anthropogenic) that 
absorb and emit radiation at specific wavelengths 
within the spectrum of infrared radiation emitted 
by the Earth’s surface, the atmosphere, and clouds. 
Most important GHGs are water vapor (H 2 0), car¬ 
bon dioxide (C0 2 ), nitrous oxide (N 2 0), methane 
(CH 4 ), and ozone (0 3 ), as well as purely human- 
made GHGs: halocarbons, other chlorine- and bro¬ 
mine-containing substances, sulfur hexafluoride, 
hydrofluorocarbons, and perfluorocarbons [2]. 

ILUC Indirect Land Use Change, land use change 
which occurs outside the production boundary of 
a feedstock, but which is caused by a change in the 
use or level of output of that feedstock [5]. 

Landscape management residues Residues of woody, 
herbaceous, and fruit biomass originating from 
landscape, park, and cemetery management [ 1 ]. 

LUC Land Use Change (usually understood as direct 
Land Use Change), change of the land cover 


(physical and biological cover over the surface of 
land, including water, vegetation, bare soil, and/or 
artificial structures) as a consequence of the human 
activities such as agriculture, forestry, and building 
construction that alter land surface processes 
including biogeochemistry, hydrology, and biodi¬ 
versity [6]. 

LULUCF Land use, land use change and forestry, 
a greenhouse gas inventory sector that covers emis¬ 
sions and removals of greenhouse gases resulting 
from direct human-induced land use, land use 
change, and forestry activities [3]. 

Short rotation plants Woody biomass grown as a raw 
material and/or for its energy value in short rota¬ 
tion plantations [ 1 ]. 

Sustainability The ability to develop in such a way, 
that the needs of the present are met without 
compromising the ability of future generations to 
meet their own needs (Adopted from [7]). 

GJ Gigajoule= 10 9 J. 

TJ Terajoule= 10 12 J. 

PJ Petajoule= 10 15 J. 

EJ Exajoule = 10 18 J. 

Definition of the Subject 

Biomass is the most relevant renewable energy source 
covering roughly 12% of the global energy demand [8] . 
It is usually defined as material of biological origin (i.e., 
plant and animal) on the Earth’s surface, excluding 
material embedded in geological formations and/or 
transformed to fossil, which is used directly as 
a fuel or converted into other forms of energy carrier 
before combustion. Biomass may be also used for its 
chemical components [1, 9, 10]. Usually one may 
include in the term biomass trees, crops, algae, and 
other plants, as well as agricultural and forest residues. 
Additionally, many materials are considered to be 
a biomass, such as wastes including food and drink 
manufacturing effluents, sludge, manures, industrial 
(organic) by-products, and the organic fraction of the 
household waste [10]. Other definitions include also 
ecological aspects of biomass, defined for example as 
the amount of living organisms per area, habitat, or 
region [11, 12]. In this entry, the term biomass will be 
used in the first meaning as a material of the biological 
origin. 



524 


Biomass Provision and Use, Sustainability Aspects 


The sustainable use of the biomass has a very 

strong relevance, since it may offer several advantages, 

including: 

• Climate and resource protection: Biomass use helps 
to mitigate the climate changes, since GHG emis¬ 
sions from its burning are treated as climate neutral. 
This is due to the fact, that biomass combustion 
releases approximately as much carbon dioxide, as 
the plant removed and accumulated during its 
growth from the atmosphere and the GHG emitted 
for the biofuel provision are usually of much smaller 
magnitude compared to the combustion of fossil 
fuels. Furthermore, satisfying the energy resources 
with the biomass helps to save the natural, non¬ 
renewable energy sources such as coal or crude oil. 

• Supply safety : Security of energy supply demands 
reasonable prices for the energy provision and 
the diversification of sources, which contribute to 
the supply. Bioenergy is generated from residues 
and energy crops spread all over the world and 
therefore increase the security of supply. Addition¬ 
ally, it may support securing the local communities 
from the fluctuating prices on the global energy 
markets. 

• Development of the rural areas: The provision of 
bioenergy offers the chance to create added value 
for the local communities (i.e., farmers, small forest 
owners, manufacturers) and facilitates the develop¬ 
ment of the rural areas by, e.g., improving the access 
to cheap and reliable energy. 

• Poverty abatement and local environmental protec¬ 
tion: Through improved technologies to produce 
heat, e.g., for cooking purpose, it is possible to 
reduce air pollution and health problems in 
the developing countries [13]; the use of the 
biofuels may also help to reduce traffic-related air 
pollution in megacities (e.g., Mexico city); further¬ 
more, the cultivation of the biomass on the 
degraded lands may increase land use efficiency 
and reduce possible negative competition between 
food and fuels. 

• Export concerns (raw materials, technologies ): 
Increasing biomass use may be associated with the 
expanding export possibilities, both for the devel¬ 
oping countries (as a source of the biomass mate¬ 
rial), and for the developed countries (which may 


export their resource-efficient, high-tech solutions 

or ready-to-use products, such as Canadian pellets 

for co-firing in European power plants). 

The sustainability is seen as a precondition for the 
further development of the bioenergy use, since after 
the initial phase of the enthusiasm and considering the 
biomass to be a green source of energy it became clear, 
that its use may create additional, unintended risks for 
the environment. Such risks were associated, for exam¬ 
ple, in the case of GHG emission shifts by using carbon- 
rich soils to produce biofuels. In this case, the carbon 
released through the land conversion in South-East 
Asia usually is balanced by the minimized transport- 
related C0 2 -emissions after very long time [14]. 
Additionally, increased demand on the biomass has 
revealed that its use may also cause adverse social, 
environmental, and economic impacts, such as short¬ 
ening the food supply in case of increasing the use of 
agricultural areas for energy crops. In many cases, these 
effects are occurring indirectly as a result of global 
market mechanism. 

In recent years, two main negative impacts have 
been recognized, namely indirect land use change and 
competition with food [ 15] . As an example of the land 
use change, one may mention the establishment of the 
agricultural cultivation areas on high-biodiversity 
tropical areas as a consequence of increased cultivation 
of the rapeseed for the biodiesel production. This effect 
occurs as an outcome of undiminished demand for the 
animal feed and resulting demand for the arable area. 
Land use change can be caused by energy crop produc¬ 
tion directly or indirectly. Indirect land use change 
occurs, if biomass is produced on established arable 
land, but the former crop production (food or fodder) 
from this land shifts to forests or high-biodiversity 
land [16]. 

These negative impacts may be avoided by applying 
the sustainability demands and criteria in the provision 
and use of the biomass. Therefore, the necessity of the 
sustainable approach may be seen as a prerequisite for 
an increased biomass use and a worldwide discussion 
has started, which aimed at working out sustainability 
criteria and conditions of the biomass use that would 
allow avoiding above-mentioned negative impacts. 
According to the current developments and the policy 
making trends, meeting these criteria will become the 
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prerequisite for labeling the biofuels (like bioethanol, 
hydrogenated vegetable oil) and eventually being rec¬ 
ognized by the international and global institutions as 
the measures toward climate change mitigation [17]. 
Such criteria of sustainability should address: 

• Type of the impacts occurring, associated with envi¬ 
ronmental, social, and/or economic spheres of 
human activities related to biomass. 

• The spatial and temporal characteristics of the 
impacts, taking into consideration the entire bio¬ 
mass and bioenergy use chain, including (where 
applicable) establishment of the agricultural area, 
harvesting, transport, preparation, conversion, use 
and disposal phases of the biomass life cycle. 

• The consideration of the future developments with 
regards to risks and uncertainties. 

This entry will analyze various aspects of the sus¬ 
tainability of the biomass provision and use, starting 
from the description of the possible options of the 
biomass process chain (conversion of solid, liquid, 
and gaseous biomass energy carriers into heat, electric¬ 
ity, and power) and addressing the necessary sustain¬ 
ability levels. Subsequently, the current and future 
potentials of the biomass will be discussed, including 
the most important influencing factors. The last sec¬ 
tion of this entry will focus on the proliferation of 
biomass sustainability standards and tools improving 
sustainability. 

Introduction 

The debate about sustainability issues is established 
since more than 200 years now. The term “sustainabil¬ 
ity” has been derived from the eighteenth century works 
of the German nobleman Hanns Carl von Carlowitz, 
who wrote the handbook on the forestry indicating the 
need of continuous, steady, and sustained use of the 
timber resources [ 18] . Subsequently, the word “sustain¬ 
able” has been adopted in the English language in the 
nineteenth century, and finally has being made world¬ 
wide known through the reports of the Club of Rome, 
the Bruntland Commission, and the Earth Summit 
conference in Rio de Janeiro in 1992 [18]. 

The modern concept of sustainability is relatively 
young and still not precisely defined. As a result, 
there exist many definitions, of which the most 


widely known is that created by the Bruntland Com¬ 
mission in 1987 [7]. It states that one may denote 
sustainability as policies, strategies, and development 
that meet the needs of the present without compromis¬ 
ing the ability of future generations to meet their own 
needs [7]. This most commonly used definition has 
been, however, adapted to the needs and points of 
view of different stakeholders from the public and 
private sectors. Public stakeholders use the adopted 
sustainability definition of the Bruntland Commis¬ 
sion, namely they define sustainability as the satis¬ 
faction of basic economic, social, and security needs 
now and in the future without undermining the 
natural resource base and environmental quality on 
which life depends [19]. The decision makers from 
the industry underline the minimization of the 
industry’s use of materials and reducing the negative 
impact on the environment, while increasing long¬ 
term shareholder and social value [19]. Both groups 
recognize, however, the need to support a growing 
economy, while minimizing its social and economic 
costs [19], compare also [20]. Within another idea of 
the sustainability concept [21] it has been defined 
that “sustainability means that present and future 
persons have the same right to find, on the average, 
equal opportunities for realizing their concepts of 
a good human life.” Other sources underline, that 
definitions of sustainability emphasize different 
aspects of researchers’ interests and activities, includ¬ 
ing ecological sustainability, economic and social sus¬ 
tainability, land restorativeness, environmental 
soundness, economic viability, social acceptability, 
sustainability of all agricultural resources, sustain¬ 
ability from the perspective of the political economy 
and political ecology, as well as energy sustainability 
[24] . Summarizing the wide range of possible sustain¬ 
ability definitions, the general concept of sustainabil¬ 
ity denotes measuring and defining the criteria 
relating to the social, financial, and environmental 
spheres of life [19, 22] (Fig. 1). 

Another classification of the various sustainability 
concepts may be associated with the economy-related 
perspectives of the weak and strong sustainability. 
From this point of view, both natural and man-made 
goods are considered to be a capital. According to the 
weak concept of the sustainability, both natural and 
man-made capitals have the same importance and may 
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Socio-Environmental: 

-Health & safety 
-Legislation and 
regulation 
-Climate change 
-Crisis management 



Social responsibility: 

-Safety and responsibility 
-Human rights 
-Equal opportunities 
-Technological development 


Sustainability: 
Achievement of 
environmental, social 
and economic targets 
without dangering the 
resources of the 
future generations 


Environmental responsibility: 

-Climate protection 
-Erosion 
-Acidification 
-Eutrophication 
-Land use changes 
-Biodiversity 


Socio-Economic: 

-Employment 
-Training & 
development 
-Local economies and 
enterprise 

-Social & community 
-Sposorships 


Economic responsibility: 

-Energy source diversification 
-Proliferation of biomass 
potential 

-National and local well-being 
growth 

Eco-Economy: 

-Resource efficiency 
-Energy efficiency 
-Global energy issues 

Biomass Provision and Use, Sustainability Aspects. Figure 1 

Main areas of sustainability with the special focus on the biomass provision and use (Partially adopted from [23]) 


be used interchangeably. That means that transforma¬ 
tion from natural forest to a product (e.g., furniture) 
does not affect the sustainability, since the future gen¬ 
erations may use a man-made capital, which simply 
substituted the natural capital. The strong sustainabil¬ 
ity, however, recognizes the unique character of the 
natural capital, such as clean water, fresh air, and nat¬ 
ural landscape. From the perspective of the strong 
sustainability, it is impossible to substitute lost natural 
habitats or biodiversity by artificial types of goods 
[21, 24] . Furthermore, the concept of the weak sustain¬ 
ability is criticized [21] as: 

• Being based on the wrong assumptions (i.e., that 
ecological functions of the environment might be 
substituted by man-made capital). 

• Restricting the right of the future generations to 
choose the type of capital that is more important 
for them. 

• Assuming that it is possible to substitute the com¬ 
plete and interrelated functions of the complicated 
ecosystem networks. 


• Ignoring the crucial parameters of the human wel¬ 
fare (people want to satisfy not only financial and 
housing needs, but also lack the contact to the real 
nature). 

• Disregarding the complementarities of several man¬ 
made and artificial capitals, such as fishing vessels 
and fish or sawmills and forests. Thus, disappear¬ 
ance of the natural capital will inevitably mean the 
termination of the related human activities. 

• Rejecting the fact that a minimum stock of natural 
capital is critical for human survival and well-being, 
and subsequently missing the possibility of the 
determination of this critical capital. 

The wide perspective and different approaches to 
the sustainability imply that the use of the biomass 
does not have to be always sustainable. As an exam¬ 
ple, the problems related to the indoor air pollution 
in the developing countries may be mentioned. Stoves 
operating with solid biofuels, applied incorrectly and 
having very low efficiencies, are causing many 
repercussions to the human health and the 
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environment. As a result, poor societies are suffering 
from problems caused by toxic air pollution and 
simultaneously depleting the wood reserves in the 
vicinity of their residential areas [13]. This example 
shows, that under some conditions, the biomass 
might be (at least locally) exhausted or its use might 
damage the natural environment or human beings. In 
such way, all three target areas of the sustainability are 
missed: 

• From the environmental point of view, burning 
wood in such insufficient stoves causes the degra¬ 
dation of the local environment and depletion of 
the wood reserves for the future generation. 

• As far as the social aspects are being discussed, the 
use of the wood for the cooking purposes is 
influencing significantly the social status of the 
women realizing the preparation of the meals; the 
collection of the wood and the cooking itself takes 
them in most of the cases between 4 and 6 h per day, 
therefore leaving very restricted time, i.e., for the 
education purposes [13]. 

• From an economic point of view, the wood burned 
stoves are not sustainable, since the pollution- 
related problems (e.g., lung diseases) are negatively 
influencing the well-being level of the communities. 

To avoid such negative impacts of the biomass 
provision and use, many institutions and organizations 
have tried to establish laws, standards, and regulations, 
allowing to maintain the status of the biomass as 
a renewable and sustainable energy source, and to 
possibly minimize its impact on the natural environ¬ 
ment. Sustainability and renewability of the bioenergy 
sources are being treated in the newest laws and regu¬ 
lations as synonyms. For instance, the United Nations 
Framework Convention on Climate Change 
(UNFCCC) recognizes few biophysical conditions, 
under which the biomass may be treated as renewable 
and of sustainable origin, namely: 

• Sustainable management of the area with respect 
to especially maintaining carbon stocks and com¬ 
pliance with the national/regional forestry and 
nature conservation laws is assured. 

• Simultaneously, the land retains its original func¬ 
tion (the conversion from croplands/grasslands to 
forest is, however, being allowed). 


• In case of biomass residues, there is no decrease in 
carbon pools, i.e., there is no use of the dead wood, 
litter, or soil organic carbon that would cause det¬ 
rimental change of the carbon pool due to the 
activity. 

• It comes from the non-fossil fraction of the munic¬ 
ipal or industrial waste [25]. 

Despite the fact that there are no any single world¬ 
wide accepted standards for sustainability, it is still 
necessary to take into consideration the scientifically 
accepted sets of sustainability criteria. There are many 
institutions and committees that work on such 
criteria. For instance, the WWF listed the following 
sustainability standards and certification schemes 
concerning the biomass sustainability: 

• American Tree Farm System 

• EUGENE: European Green Electricity Network 

• EUREPGAP: Protocol for Fresh Fruit and Vegetables 

• FLO: Fairtrade Labeling Organizations International 

• FLP: Flower Label Program 

• FCS: Forest Stewardship Council 

• Green Gold Label Program 

• Impact Basel Criteria for Responsible Soy Production 

• RSPO Principles and Criteria for Sustainable Palm 
Oil Production 

• Sustainable Agricultural Standards 

• SFIS: Sustainable Forestry Initiative Standard 

• UTZ Kapeh - Codes of Conduct [26], compare 
also [27]. 

In recent years, however, the activities in the devel¬ 
opment of some standards were stopped due to the 
difficulties with setting generally applicable rules and 
the complexity of the overall matter as well as the 
partly conflicting goals (e.g., EUGENE). Other 
standards are being criticized for being too general 
and allowing some non-sustainable biomass 
sources to obtain the sustainability label. Another 
problem area within the standard development is the 
coverage of the important environmental problem 
fields and their definition [28]. This problem is well 
visible when, e.g., taking into consideration biodiver¬ 
sity loss or indirect land use change, where no interna¬ 
tional and scientific agreement so far exists with respect 
to the methodology or modeling factors that shall be 
applied. 
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Biomass Provision and Use, Sustainability Aspects. Table 1 Example of preconditions of the sustainable development 
and sustainability indicators (Adapted from [29, 26, 30]) 


Main focus areas 

Sustainability targets, aspects and indicators 

Land use, land availability, and 
land use conflicts 

Clarification of land ownership, avoiding negative impacts from bioenergy-driven 
changes in land-use, priority for food supply and food security 

Loss of biodiversity and 
deforestation 

No additional negative biodiversity impacts, avoiding deforestation 

Greenhouse gas emissions (GHG) 

Minimization GHG emissions, substitution of non-renewable energy sources 

Soil erosion and degradation 

Minimization of soil erosion and degradation, maintaining carbon stocks 

Water use and water 
contamination 

Minimization of water use and water contamination, minimizing emissions affecting 
eutrophication and acidification 

Socio-economic problems and 
standards 

Improvement of labor conditions and labor standards, securing employment, 
ensuring share of proceeds - wage compensation, avoiding human health impacts, 
especially with respect to the emissions of particulate matter, NO x , CO, substances 
producing summer smog, development of fungal spores 

Conservation of the cultural 
function of nature 

Protecting natural values of the landscape 

Technical aspects 

Reducing energy consumption and increasing the efficiency of energy production 


To overcome the misleading abundance of stan¬ 
dards and scopes of application, in recent years, the 
focus of the development has been put on legal and 
binding laws, set up by countries, e.g., the USA or 
international bodies, e.g., the EU. These legally binding 
acts most probably will set the most widely accepted 
framework for biomass sustainability criteria. Table 1 
presents the synopsis of the most important and com¬ 
monly mentioned groups of the sustainability criteria. 

These standards relate to all three main focus areas 
of sustainability. The question arises about the imple¬ 
mentation of the sustainability in the framework of the 
biomass use, taking into consideration its possible con¬ 
version routes as well as the given technical restrictions. 

Bioenergy Process Chain 

Today biomass can be used with very different process 
chains. Basically, such process or provision chains 
depend mainly on the type of biomass, the available 
technology, and the respective energy demand. Such 
high variety of possibilities is caused by the fact that 
biomass differs in many aspects from other renewable 
sources of energy: It has a price which determines 
usually 50-90% of the bioenergy production costs 


(wind turbine operators do not have to pay for the 
wind), there are one or more provision and conversion 
steps needed to provide the bioenergy, and finally, 
biomass as a resource shows naturally lots of variations 
[31]. As a consequence, in many cases, different provi¬ 
sion chains for the same type of biomass resource are 
possible. Figure 2 shows a simplified diagram of the 
possible pathways and conversion of bioenergy carriers 
with respect to the levels of the sustainability and the 
related potentials (compare with Fig. 4). 

There are three major sources of the biomass: 
forestry (pulp wood, saw timber, tree rests, etc.), agri¬ 
culture (straw, energy plants, oilseed crops), and 
wastes (demolition material, industrial wood, sewage 
sludge, organic household waste). Depending on the 
type of input material, the biomass has first to be 
collected and prepared. Since the bioenergy sources 
are not equally distributed on earth, and simulta¬ 
neously the supply and demand amounts may be dif¬ 
ferent, the use of the bioenergy very often requires the 
transportation of the biomass through distances 
exceeding several thousands of kilometers. In such 
case, one has to take into consideration also prepara¬ 
tion processes for the transport and storage (e.g., in 
the delivery port). 
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Biomass Provision and Use, Sustainability Aspects. Figure 2 

Main conversion pathways of the biomass resources, simplified (Adapted from [32, 33]) 


Some of the biomass sources (e.g., demolition 
wood) may directly be used for energy purposes (usu¬ 
ally burned in a furnace). Most of them have, however, 
to be converted first in order to be used. Here, three 
basic types of conversion routes may be utilized: 

• Thermo-chemical conversion: carbonization, 
pyrolysis, gasification, or chemical modification 

• Physical/mechanical and/or chemical conver¬ 
sion: pressing, extraction, esterification, and 
transesterification 

• Bio-chemical conversion: digestion and fermentation 

As a result of these various conversion routes, solid, 
liquid, and gaseous biofuels are obtained, which sub¬ 
sequently may be burned to obtain heat and/or gener¬ 
ate power (in case of the so-called CHP (combined 


heat and power), both outputs are possible), and in 
case of automotive fuels may be used to provide 
a transportation duty. 

Since every technology has some advantages and 
disadvantages, the continuous improvement of the 
existing and creation of the new technologies is an 
ongoing process. As it currently seems, one has to 
take into consideration not only the obstacles relating 
to the technical side of the conversion, but also other 
aspects. One of them is definitely the biomass availabil¬ 
ity. Not every technology may be technically and eco¬ 
nomically feasible if there will be not enough supply of 
bioenergy carriers. Figure 3 presents an overview of 
the technologies currently available on the market, 
as well as in the middle and in the long time period, 
and their respective biomass requirement. According 
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Possible conversions technologies with respect to the biomass use, biomass demand, and temporal availability (Adapted 
from [34]) 
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to this, the most promising future technologies, includ¬ 
ing bio methane from synthetic natural gas (SNG), 
bioethanol from lignocelluloses, or biomass-to-liquid 
fuel (BtL), require considerable amounts of the 
biomass inputs. Additionally, the demand on the capital 
investment is also substantial, becoming an important 
obstacle in the technological development. Further¬ 
more, the creation of the large-scale industrial plants is 
partially contradictive to the idea of the local, sustainable 
biomass use increasing the well-being of the small 
communities. 

Sustainability Requirements 

The rapid development of biomass use especially for 
energy purposes during the last decade revealed com¬ 
petition for resources which may also affect the sus¬ 
tainability targets worldwide. One example is the food- 
or-fuel debate, which started in 2007 when both energy 


and food prices increased dramatically. However, other 
effects of increased biomass use could be also observed. 
One example may be the situation of several industry 
branches which experienced difficulties related to the 
raw material supply (i.e., pulp, paper, or furniture 
industry). The large-scale production of biomass 
endangers also the biodiversity (through creation of 
large monocultures for the biofuel production) and 
disturbs the natural cycles of carbon in the soil or 
ground and surface water. 

Rules to avoid this wide range of the negative 
impacts need to cover the whole process or provision 
chain to ensure that there are no leakage effects [35]. 
This means that sustainability rules have to be applied 
on the various levels of the biomass processing, starting 
from the land use, through processing and conversion, 
to the biomass use (compare Fig. 2). Another relevant 
aspect is the application of the various sustainability 






















































































Biomass Provision and Use, Sustainability Aspects 


531 


indicators, relating to the land use changes, soil erosion 
and degradation, acidification, eutrophication, emis¬ 
sions of the greenhouse gases, etc. 

This approach is very complex and can only be intro¬ 
duced stepwise. Thus, it becomes clear that the current 
discussed European and US-American standards do not 
fulfill this demand yet, because they focus mainly on the 
GHG emission indicators, omitting other important sus¬ 
tainability indicators (compare [30, 36]). 

Figure 4 shows important aspects of sustainability 
relevant for bioenergy sources. The entire life-cycle 
chain of the biofuels has to be taken into consideration, 
including: 

• Land use : preservation of all land-based func¬ 
tions (ecological and social: like support of the 
biodiversity, maintenance of the carbon stock and 
soil productivity, preservation of the land as the 
habitat for the local communities, etc.). 

• Cultivation and collection : Greenhouse gas emis¬ 
sions should be minimized during farmland 
preparation, sawing, tilling, harvesting, transport, 
and collection; additionally, other environmentally 
damaging emissions should be avoided. 

• Biomass conversion: Here, the conversion efficiency 
is a crucial requirement of sustainability consider¬ 
ations; but some other aspects, e.g., health and 


safety issues, may also play a significant role; fur¬ 
thermore, the use of the biomass resources 
demands emission reduction technologies for 
toxic exhaust (e.g., PM 10 emissions) and strategies 
for the limitation of, e.g., noise; last but not least 
sustainable conversion also demands reasonable 
GHG savings with regard to the fossil reference 
energies. The reference systems usually relate to 
the heat, power, and fuels generated from non¬ 
renewable fuels like coal, natural gas, or fossil oil. 

• Biomass use: Since the biomass resources are lim¬ 
ited, they must be used effectively and in an energy¬ 
saving way; for the overall sustainability, this can 
be described as following: The importance of 
bioenergy for the energy system increases also 
with a decreasing end energy demand. 

• Residues/ashes: Remaining materials should be eas¬ 
ily integrable in the material flow cycles or (in the 
case of disposal) inert in the long-term perspective. 

Important aspects of the sustainable bioenergy use 
are discussed in the following sections. 

Land Use Change 

Recently questions related to land use change (LUC) 
have become a central part of the discussion concerning 
sustainability criteria and requirements; this is especially 
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Selected sustainability aspects in relation to the four main pillars of the biomass provision and use (Adapted from [37,38]) 
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true for the biofuel sector. The term land use change may 
be defined [39] as environmental change relating to the 
loss of ecological function, genetic resources, indige¬ 
nous cultural practices, threatened species’ habitats, or 
even the views and aesthetics of stakeholders, with 
respect to the given area of consideration. The land- 
use changes become a critical issue in the discussion 
about the biofuels, since the intensification of agricul¬ 
tural practices related to the expansion of the biofuels 
amplified its negative effects on the environment. 

Several forms of the LUC have been identified [39], 
namely: 

• Crop changes within agricultural field 

• Shift of the fallow land to the cultivation 

• Clearing of the natural lands and using them for 
cultivation purposes 

• Displacing of crops from the original areas due to 
the cultivation of the biofuel crops to the marginal 
or natural lands 

Furthermore, one may identify numerous conse¬ 
quences of the above-mentioned changes, such as loss 
of habitat for threatened and endangered species or 
beneficial insects, depletion of the gene reservoirs, 
increased soil losses through erosion, decreased soil 
productivity, changes in the hydrological functions of 
the land (runoff and percolation characteristics), and 
climate-influencing factors (albedo, evapotranspira- 
tion, soil carbon values) [39]. 

The negative impact of the land use change is rela¬ 
tively well described and quantified in case of the effects 
occurring in the direct vicinity of the agricultural land 
(i.e., changes of the carbon stock due to the establish¬ 
ment of the agricultural fields in place of a forest), 


although such changes (thereafter referred as the direct 
land use changes, DLUC) have been incorporated in 
the LCAs of the biofuels recently and basically 
restricted to the GHG emissions related to the soil 
carbon release during land conversion [40, 41]. 

The most controversial discussion in recent years 
concentrates, however, on the so-called indirect land 
use changes (ILUC). These changes often are related to 
as the leakage effects, namely, the activity in one place 
or one country induces the land use changes on the 
other lands. In this approach, the environmental 
impacts occur indirectly, outside the boundary of the 
system in question [39, 40], and thus they are very 
difficult to assess and to quantify. This difficulty may 
be related to the spatial (e.g., biomass produced in one 
location creates pressure on agriculture in other loca¬ 
tions) and temporal (e.g., when land cleared for 
another crop is used for biofuel crop production in 
successive years) characteristics of the changes, as well 
as quality of the modeling data [39, 40] and the uncer¬ 
tainty of the results. However, the first modeling 
approaches have shown that the disadvantages related 
to the indirect land use changes are causing significant 
release of carbon stocks. As a result, the GHG savings 
from the biofuel use are larger than the ILUC-related 
carbon emissions only after specified time period, 
so-called payback time (Table 2, [41]). 

The large variation of the results relating to the 
payback times and simultaneously carbon debts 
(amount of carbon released, that have to be balanced 
with the GHG savings from the combustion of 
biofuels) may be seen as a consequence of applying 
various methods to calculate these quantities, as 
well as uncertainty of the modeling data. The 


Biomass Provision and Use, Sustainability Aspects. Table 2 Illustrative GHG savings and payback times for biofuel 
feedstock causing land change [41] 


Fuel chain 

Assumed country of origin 

GHG saving excluding the 
impacts of land-use change 

Carbon payback (years) 

Grassland Forest 

Palm to biodiesel 

Malaysia 

46% 

0-11 

18-38 

Soya to biodiesel 

USA 

33% 

14-96 

179-481 

Sugarcane to bioethanol 

Brazil 

71% 

3-10 

15-39 

Wheat to bioethanol 

UK 

28% 

20-34 

80-140 
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uncertainties relate to the type, scale, and timing of the 
indirect effects, and they originate from the following 
conditions: 

• Complex global nature of agricultural markets and 
uncertainties in predicting the effect of increased 
production for biofuels. 

• Potential for feedstock switching resulting from the 
possibility of producing the biofuels from various 
feedstock; producers may switch their feedstock 
crops more frequently, which creates a potential 
danger of the increased land use change. 

• Production of co-products. 

• Commodity price changes [41]. 

Several models have been created in order to tackle 
such a complexity of factors influencing ILUC. Four 
basic groups of the scientific models have been identi¬ 
fied [42]: 

• Complex multi-layered, numeric macro-economic/ 
econometric, and/or biophysical models: Models 
such as GTAP, FASOM, FAPRI etc., which are 
primarily used for legislation in the USA 
(e.g., California). The models calculate the impact of 
the additional biomass production on the agricultural 
markets, on the production methods in the agricul¬ 
ture, and finally the dynamics of the land use change. 

• Simplified deterministic approaches, such as the 
ILUC factor or the bonus according to the Euro¬ 
pean Directive on Renewable Energy (2009/28/EC). 
In these methods, an assumption is being made 
that additional biomass production by definition 
results in additional land use. The models allocate 
proportionally the land use changes to the increased 
biomass production. 

• Other approaches which strike a balance between 
these two approaches. Here, a simplified schematic 
calculation of land-use changes and resulting GHG 
emissions is performed. 

• Approaches that focus on ILUC risk minimization 
with the help of productions methods, which elim¬ 
inate or reduce the occurrence of negative environ¬ 
mental effects [42]. 

Depending on the type of the method chosen, the 
results may vary - even for the identical conversion 
pathway and input modeling data - considerably. For 
example, for bioethanol made from the maize, the 


calculated results span from 30 g C0 2 -eq/MJ energy 
of the biofuel according to the results supplied by the 
GTAP model, through 36 g C0 2 -eq/MJ for the ILUC 
factor, 50-65 g C0 2 -eq/MJ for the FASOM/FAPRI 
models, up to 104 g C0 2 -eq/MJ calculated by the 
FAPRI model alone [43]. Furthermore, because the 
indirect effects are occurring outside the economic 
and political system of one country, it appears to be 
very difficult to control and minimize these indirect 
effects. One possible approach is to apply standards 
and certification systems or incorporation of the sus¬ 
tainability requirements in the laws and regulations, 
relating to the biomass production in general and 
very often to the biofuel production. Within the EU, 
the indirect land use changes have not been quantified 
in the regulations yet, although the decision makers 
have recognized the necessity to include them in the 
future policy regulations [30]. The US Environmental 
Protection Agency (EPA) has, however, included ILUC 
in the newest standards concerning the biofuels, so- 
called Renewable Fuel Standards (RFS). 

One of the most intensively discussed issues 
concerning the biofuel production recently was the 
question of the biofuel production impact on the 
changes of the food prices - so-called food vs. fuel 
debate - which arose in 2007 when the food prices 
increased (Fig. 5). A set of main factors responsible 
for the growing food prices have been identified [44], 
namely: 

• Increased biofuel production driven in the USA 
and EU by mandates and tax policies, and 
corresponding demand for biofuel input material: 
soybeans, maize, wheat, etc 

• Rising energy prices 

• Declining dollar prices 

• Increasing agricultural costs of production 

• Export bans and restrictions fuelling the price 
increase (restricted access to the supplies) 

• Rapid income growth in developing countries 

• Speculative and investor activity 

The increase in internationally traded food prices 
was caused by the confluence of these factors [44]; 
nonetheless, biofuels played a significant role in this 
process. However, many studies revealed in the past 2 
years a stabilization of the agricultural prices despite 
constantly increasing share and production of biofuels 
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Biomass Provision and Use, Sustainability Aspects. Figure 5 

Development of food and biomass prices [45, 46] 

in the global market. For instance, a recent investiga¬ 
tion from the Food and Agricultural Organization 
(FAO) and the OECD predicts constant, but 
not sharp increase in the prices during the years 
2010-2019. For example the crop prices will be 15- 
40% higher in comparison to the period 1997-2006, 
while, e.g., dairy prices will increase by 16-45%. How¬ 
ever, biofuel production is not seen as the main factor 
influencing the prices; other factors shaping the agri¬ 
cultural prices (rising energy prices, demand from 
developing countries, changes of dietary habits, etc.) 
are mentioned as well [47]. Nevertheless, from the 
point of view of the sustainability, one has to analyze 
and offer solutions, which would minimize the negative 
impact of the biofuels on the food prices. The problem 
of the rising food prices maybe solved [48], if instead of 
producing first-generation biofuels (created from the 
materials which may also be used for nutrition), sec¬ 
ond-generation biofuels would be introduced into the 
market. The latter biofuel type is based on crop resi¬ 
dues and inedible cellulosic materials, such as leafy 


steams, stems, stalks, etc. However, the market intro¬ 
duction of second-generation biofuels has to overcome 
some technical and economic obstacles [48]. 

Summarizing, the concern about the influence of 
the biofuel production on the environment seems to be 
important in the scientific and political discussions. 
However, blaming the biofuels for the negative effects 
alone would be too simplistic and would ignore several 
opportunities created by biofuels, such as bringing 
particular benefits to the farmers and facilitating the 
abatement of the poverty worldwide [49] . Nonetheless, 
attempts to take into consideration and to minimize 
the possible negative effects were made in the USA with 
the newest regulations issued by the Environmental 
Protection Agency (EPA). This regulation, known as 
the Final Renewable Fuel Standard (also “RFS2”), may 
be characterized as follows: 

• It classifies biofuels on the basis of the life-cycle 
GHG thresholds as “renewable” (20% GHG 
savings) or “advanced” (50% GHG savings). 
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Furthermore, for the biomass-based biofuels, a 
threshold has been set at 50% (renewable biofuels) 
and 60% (advanced biofuels), respectively. 

• “Non-advanced” (renewable) biofuels (mainly corn 
ethanol) will gain shares until 2022 up to 15 billion 
gallons (in comparison to the total amount of the 
renewable biofuel required of 36 billion gallons); 
then, their blend mandate will remain constant to 
finally diminish if the technical progress in the 
advanced biofuels will allow to produce them in 
larger quantities. 

• The EPAs GHG footprint takes into consideration 
indirect (in the USA also called “international”) 
land use change. As a consequence of this approach, 
the initial GHG savings of corn ethanol of approx¬ 
imately 52% were reduced to the level of 21%, 
which not surprisingly become immediately an dis¬ 
putable matter for various groups of interests, such 
as farmers, fuel producers, investors, and industry 
players, as well as politicians trying to stop or at 
least delay applying the ILUC approach within the 
ongoing decision-making process [50, 36, 51]. 

For the calculation of the indirect land used 
changes, a combination of the complex mathematical 
models have been applied, including remote sensing 
techniques, based on the historical data (Table 3). 

Most of the aspects covered by these models have 
a significant effect on the final result. But the 
calculated numbers are still characterized by high 
uncertainties. Nevertheless, the results are comparable 
in a better way than those gained with individual 
approaches [36]. 


The US Environmental Protection agency has based 
the assessment of the ILUC on the foundation of the 
so-called Wheel-To-Wheel (WTW) Life Cycle Assess¬ 
ment (LCA), including each stage of the biofuel 
production, such as production or extraction of the 
feedstock, feedstock transportation, fuel production, 
fuel transportation and distribution, as well as tailpipe 
emissions. Furthermore, the EPA has made a decision 
to use a consequential LCA, not the attributional one. 

• The attributional LCA provides the information 
about the emissions and environmental impacts 
caused by the product or service, emitted during 
its life cycle. The processes taken into consideration 
are linked in a straight line to the product or service 
in question by material, energy flows, or services 
following supply-chain logic. In this type of the 
LCA, land use impacts are typically confined to 
direct impacts (e.g., environmental consequences 
of converting forest areas for the production of 
corn used within the ethanol production) [36]. 

• A consequential LCA, however, accounts the GHG 
emissions or other environmental impacts related 
to the product or service indirectly, occurring as 
a consequence of the changes in the demand of 
the product or service. Here, the changes in the 
GHG emissions are identified by linking the causes 
with the effects. For example, if the production of 
ethanol in the USA increases, the biofuel produc¬ 
tion may be exported to abroad. As an effect, addi¬ 
tional corn or grain production in South American 
countries has to take place, resulting in, i.e., 
destroying rain forest for the purpose of 


Biomass Provision and Use, Sustainability Aspects. Table 3 Models and data used for the calculation of the ILUC 
within RFS2 [42] 


Acronym 

Name of model 

Type of model 

DAYCENT 


Biophysical model for soil processes 

FAPRI 

Food and Agriculture Policy Research Institute 

Partial equilibrium model (soil) 

FASOM 

Forest and Agriculture Sector Optimization Model 

Partial equilibrium model (USA) 

GREET 

Greenhouse gases, Regulated Emissions, and Energy use in 
Transportation Model 

Life-cycle model for emissions from the 
transportation sector 

MODIS 

Moderate Resolution Imaging Spectroradiometer 

Satellite data on land use/cover 

MOVES 

Motor Vehicle Emission Simulator 

Model for vehicle greenhouse gas emissions 
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establishment of new agricultural fields in Brazil. As 
a consequence, initial GHG saving by the produc¬ 
tion of bioethanol will be diminished by cutting off 
the forests in Amazonia. 

The EPA has chosen the consequential LCA as 
a main research method, since the US administration 
has decided to take into consideration not only the 
direct GHG emissions, but also the significant indirect 
emissions being the effect of the land use changes. 
Furthermore, the full fuel life cycle has been modeled, 
including all stages of the fuel and feedstock produc¬ 
tion and distribution, as well as its use. The Global 
Warming Potential was estimated using the mass values 
of the greenhouse gases [36]. 

The methodology of the RFS2 rulemaking was based 
on mathematical models created for various purposes. 
In general, these models have taken into consideration 
the data estimated for nine land categories in 750 
regions across 160 countries worldwide, with 
a weighted average applied to the rest of the world, 
covering all significant agricultural producers. The 
scientific basis for the models was the Economic 
Input-Output Life Cycle Assessment (EIO-LCA), 
which estimates the materials and energy resources 
required for, and the environmental emissions 
resulting from activities in the overall economy. Fur¬ 
thermore, the following models, modeling factors, 
approaches, and methods were combined together, in 
order to obtain comprehensive and reliable results with 
respect to the various areas of science, needed to 
estimate ILUC: 

• Forestry and Agricultural Sector Optimization 
Model (FASOM): estimation of the changes in 
the US agricultural and forest sectors (e.g., 
changes in crop acres resulting from increased 
demand for biofuel feedstock or changes in the 
number of livestock due to higher corn prices) 
and their associated emissions, as well as land use 
shifting between crops, and interactions with pas¬ 
ture, and forestry; partial equilibrium economic 
model. 

• Greenhouse gases, Regulated Emissions, and 
Energy use in Transportation (GREET): spread¬ 
sheet analysis tool developed by Argonne National 
Laboratories for calculation of the GHG emission 
factors for fuel and fertilizer production. 


• IPCC guidance factors: livestock GHG emission 
factors. 

• CENTURY and DAYCENT: models developed by 
the Colorado State University to estimate US 
impacts of the N 2 0 emissions from the fertilizer 
application; DAYCENT simulates plant-soil sys¬ 
tems and is capable of simulating detailed daily 
soil water and temperature dynamics and trace gas 
fluxes (CH 4 , N 2 0, NO*, and N 2 ); CENTURY as 
a generalized plant-soil ecosystem model simulates 
plant production, soil carbon dynamics, soil nutri¬ 
ent dynamics, and soil water and temperature. 

• Integrated Food and Agricultural Policy and Research 
Institute international models, as maintained by the 
Center for Agricultural and Rural Development 
(FAPRI-CARD): estimation of the impacts of biofuels 
feedstock production on international agricultural 
and livestock production; the models capture the 
biological, technical, and economic relationships 
among key variables within a particular commodity 
and across commodities relevant, e.g., for the ILUC. 

• Satellite data: used to analyze recent land use 
changes around the world that have resulted from 
the social, economic, and political forces that drive 
land use; EPA has made the assumption that these 
recent drivers of land use change will remain in 
relative effect through 2022 modeling time frame 
such that the recent trends in land use change are 
indicative of land use changes likely to result in 
2022 due to biofuel production; furthermore, the 
recent land use change patterns were combined 
with various estimates of carbon stocks associated 
with different types of land at the state level. 

• IPCC Agriculture Forestry and Other Land Use 
(AFOLU) Guidelines and Winrock International 
organization: land use change emissions factors [36] . 

Summarizing, the US EPA has estimated the ILUC 
on the basis of the economic input-output models. The 
results of the calculation were combined with the sat¬ 
ellite data in order to predict the types of the land 
converted to cover the increased land demand resulting 
from the biofuel production. The measurement of the 
ILUC was done with the help of the GHG emissions, 
calculated for different types of the land converted. As 
the EPA underlines, the results of this assessment are 
characterized with some level of uncertainty which, 
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however, has been taken into consideration and incor¬ 
porated in the final results of the analysis [36]. 

The uncertainty of the modeling data and results as 
well as the complexity of the ILUC issues and factors 
that have to be taken into consideration are creating the 
questions about the real impacts of the ILUC and 
whether or not ILUC should be taken into consider¬ 
ation when setting policy objectives and targets. As 
already mentioned, ILUC effects are only mentioned 
but not implemented in the current EU regulations. In 
the USA, they become a part of the RFS2 standard, but 
the inclusion of the ILUC as well as the calculated 
ILUC-related GHG emissions has been extensively crit¬ 
icized. Certainly, the criticism from the farmers and 
lobbying groups representing industry branches 
investing and offering, e.g., bioethanol plants may be 
well understood. However, the critical considerations 
about the nature and quantification of the ILUC are 
also noticeable in the scientific discourse. The inclusion 
of ILUC in GHG balances on the basis of the LCA 
technique of biofuels is an ad hoc solution to the more 
fundamental problem of unsustainable agricultural 
practices in many parts of the world [52] . Furthermore, 
critics of the IFUC underline that IFUC application in 
the policy-making process penalizes those that cannot 
affect the course of land use change while providing no 
incentives to those that could. The scientific and political 
debate should concern rather “food vs. feed” instead of 
“food vs. fuel” debate [53], since about 90% of the 
human use of arable land is to produce animal feed 
mostly for the beef cattle. Therefore, the debate should 
be focused more on the dietary habits and could be also 
called “beef vs. barrels” debate. Furthermore, the com¬ 
plexity of the models impedes the clarity of the results 
and the possibilities to check and correct them, if 
necessary [53]. One has to mention that the criticism 
of the IFUC incorporation is especially strong in the USA, 
where the indirect effects were incorporated in the 
existing standards. Within the EU, on the contrary, sci¬ 
entists and decision makers do not question the nature 
and existence of the IFUC effects, but focus more on the 
methods to quantify and subsequently include them in 
the decision-making process and the binding regulations. 

Efficiency 

Although the IFUC has drawn a public attention in the 
last few years and influenced even the legally made 


thresholds levels for the biofuels in the USA, the land 
use changes may not be seen as the only one and the 
most important criterion of the biomass sustainability. 
A survey among 46 experts being active in the field of 
the bioenergy in different regions of the world has been 
carried out [54], asking about the opinion about the 
most critical sustainability criteria. These 35 criteria 
mostly mentioned represented social, economic, and 
environmental spheres of life in the ratio 4:1:4, respec¬ 
tively. The ten most important criteria, obtained from 
the survey analysis, are presented in Table 4. 

As one can see, the efficiency (represented directly 
and indirectly in several above-mentioned factors) 
characterizes the crucial part of the sustainability 
indicators. Simultaneously, increasing the efficiency 
is the easiest and most feasible option to increase 
sustainability of biomass and decrease GHG emis¬ 
sions [55]. Therefore, for further consideration, the 
following sustainability criteria and indicators will 
be described in detail with respect to the biomass 
and bioenergy: GHG balances and GHG-saving effi¬ 
ciency, area efficiency, material efficiency and effi¬ 
ciency of use. 

In many cases, the various types of efficiencies are 
strongly related to each other (i.e., material efficiency 
and GHG reduction efficiency). In some cases, several 
types of efficiencies maybe even combined in one term. 
For example, the heads of the European Environmental 
Agencies have defined “resource productivity” as the 
efficiency, at which energy and materials are used 
throughout the economy [56]. However, in most of 
the cases, the political decisions in the field of biomass 
use are setting targets with respect to the energy and 
GHG saving efficiencies. 

Biofuels are often used in a very unsustainable and 
inefficient ways mostly due to the lack of capital for the 
investment in the modern equipment [55]. This fact is 
easily observed in developing countries, where biomass 
resources are utilized mainly for cooking and heating 
purposes. In these countries, increasing the efficiency 
of fuelwood use would have significant positive effects 
on greenhouse gas emissions, could reduce the 
unsustainable exploitation of the natural resources, as 
well as it may have a positive effect on the indoor air 
quality. Furthermore, the following categories of GHG 
emission reductions due to the increase of the energy 
efficiency have been identified: 
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Biomass Provision and Use, Sustainability Aspects. Table 4 Identified sustainability criteria and their short description 
(Adopted from [54]) 


Rank 

Sustainability criterion 

Description 

1 . 

Greenhouse gas balance 

GHG balance of system covering C0 2 , CH 4/ 0 3 , N0 2 , H 2 0 

2. 

Energy balance 

Conversion efficiencies, energy return on investment, energy return per hectare 

3. 

Soil protection 

Impacts on soil fertility, changes in nutrient cycling, rooting depth, organic matter, 
water holding capacity, erosion 

4. 

Participation 

Inclusion of stakeholders in decision making; facilitation of self-determination of 
stakeholders 

5. 

Water management 

Surface and groundwater impacts, riparian buffers, irrigation and cooling cycles and 
waste water management 

6. 

Natural resource 
efficiency 

Efficient use of resources at all stages of the system 

7. 

Microeconomic 

sustainability 

Cost-efficiency incl. start-up costs, internal rate of return, net present value, payback 
period 

8. 

Compliance with laws 

Complying with all applicable laws and internal regulations like certification 
principles, countering bribery 

9. 

Ecosystems protection 

Safeguarding protected, threatened, representative, or other valuable ecosystems 
(e.g., forests); protecting internal energy fluxes/metabolism 

10 . 

Monitoring of criteria 
performance 

Monitoring systems in place for all criteria (e.g., leakage or additionally in GHG 
accounting) 


• C0 2 emission reductions related to energy inputs 
into the fuel cycle, mostly during the production 
and conversion stages. 

• Non-C0 2 emission reductions related to end-use 
efficiency and conversion. In this emission category, 
increasing the efficiency of, e.g., fuel stoves can 
result in significant reductions of other pollutants, 
including non-C0 2 greenhouse gases (CH 4 ) and 
other ambient air pollutants, particularly the emis¬ 
sions of unburned components such as VOC (vol¬ 
atile organic compounds), PAH (polyaromatic 
hydrocarbons), carbon monoxide, and NO x . 

• Land use-related emission reductions (which make 
up the bulk of GHG emissions from current bio¬ 
mass energy systems) and additional benefits. 

In general, the rules implemented in the USA and EU 
set defined GHG reduction efficiencies as a prerequisite 
to recognize biomass source (especially valid for the 
liquid biofuels) at certain defined levels. For the EU, 
these values vary from 35% to 60%, and for the USA 


from 20% to 60% (depending on the time frame; the 
latter values are intended for the advanced biofuels of the 
next generations introduced around years 2017-2022). 

An important remark has to be made with respect 
to the methodology of accounting the GHG emissions 
when burning biomass sources. Usually, the renewable 
sources are considered to provide carbon neutral 
energy, because the carbon dioxide emissions emitted 
during combustion are being a part of the natural cycle. 
As a consequence, re-growing biomass captures the 
C0 2 emissions released during the combustion. How¬ 
ever, the GHG emissions of the biomass burning in the 
life-cycle perspective may be higher than those in case 
of the fossil fuel burning; the excess of the emissions is 
called carbon debt. The numerical value of this debt 
may depend on various factors, such as type of the 
energy generated, type of the fossil fuel being displaced 
(question of the reference system), or the management 
practices applied when producing the biomass. The 
difference between the carbon debt, direct GHG 
emissions, and accounting on the life-cycle basis 
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may lead, however, to misleading interpretations, if 
oversimplified or interpreted without in-depth analysis 
[57, 58]. 

Another type of the efficiency that has to be 
discussed is area/land use efficiency. One has to treat 
land as non-renewable and strongly restricted resource, 
which should be used with a high efficiency, measured, 
i.e., as the yield rates per area of agricultural land. 
Another option to increase land use efficiencies from 
a wider perspective would be to establish plantations 
of, e.g., short rotation coppice or miscanthus on 
degraded/abandoned lands. Thus, the area devoted to 
the crop production is not diminished (reduction of 
competing use with the food), and simultaneously the 
overall land use efficiency is increased. In some cases, 
the land use efficiency strongly correlates to the water- 
use efficiency [59]. It is, for example, very difficult 
to improve land use efficiency in the arid and semi- 
arid regions in the Mediterranean countries, where 
the water resources are fully exploited and in some 
cases, even overexploited. Therefore, increasing, e.g., 
crop yields in these countries is impossible without 
implementation of the sound water management and 
irrigation programs. 

To increase the land efficiency on existing agricul¬ 
tural areas, a broad variety of different measures maybe 
used, including better agricultural practices, use of 
fertilizers, irrigation, etc. An interesting possibility of 
increasing the land efficiency is to use crop and 
plant residues, not utilized for other purposes. The 
obstacles with respect to land efficiency, however, may 
impede in some cases the efforts of efficiency increase 
in this area. 

The next type of the efficiency to be taken into 
consideration in energetic use of the biomass relates 
to the materials use and the energy conversion efficien¬ 
cies [60]. In general, the overall efficiency of the con¬ 
version (for instance, in the corn-based ethanol 
industry or in the area of lumber recovery in the 
wood industry) has increased in the past 20 years 
significantly [61]. The question appears, however, 
how to account the efficiency increase and - specifically 
in the case of the greenhouse gas emissions - how to 
decide, whether the efficiencies are high enough or not? 
In the other words, what kind of reference systems 
should be used for the comparison of various existing 
options? 


The most widely used tool for such comparisons 
between various conversion pathways and options is 
the Life Cycle Assessment (LCA). The LCA is known 
since the end of the 1960s; however, it is still considered 
to be relatively young and immature. As a consequence, 
there is no widely accepted methodology of conducting 
LCAs. Thus, the results of the LCA analysis for one 
product or service may differ according to the method 
chosen or assumptions made [62]. 

Another problem with setting the efficiency 
requirements is the relation between given conversion 
pathway and the reference or baseline scenario. The 
choice of the various baseline scenarios may have 
impact on the calculated GHG saving in the same way 
as the choice of the LCA method and the respective 
assumptions. Furthermore, the following assumptions 
may alter the final results: 

• Inclusion or exclusion of the ILUC 

• Choice of the historical data about (e.g., deforesta¬ 
tion rates vs. biofuel production) 

• Choice of the mathematical models 

• Choice of the Life Cycle Impact Assessment 
methods and the modeling factors 

• Origin of the biofuel and the production conditions 

• The biofuel production technology 

• End-use conversion efficiencies 

The increasing efficiency is only one factor contrib¬ 
uting to the successful and sustainable use of biomass. 
Another prerequisite of such use relates to the initial 
availability of the material for bioenergy production, 
which can be described with the term biomass potential 
(see below). 

Sustainability 

In the environmental discussion, the term “sustainable 
biomass potential” usually refers to the specified amount 
of raw materials, which may be used for bioenergy 
provision with simultaneous fulfillment of sustainabil¬ 
ity requirements. From a technical point of view, bio¬ 
mass potential is defined as the ability to obtain certain 
amount of the biomass/bioenergy from a given area in 
a given time period. Usually it is distinguished between 
the theoretical potential (the total amount of energy that 
may be created in a given time period by using physically 
available biomass), the technical potential (part of the 
theoretical potential of the bioenergy that may be 



540 


Biomass Provision and Use, Sustainability Aspects 


generated taking into consideration technical restric¬ 
tions), the economic potential (part of the technical 
potential, amount of bioenergy that may be generated 
taking into consideration economic restrictions), and 
the available potential (the bioenergy that may be cre¬ 
ated in reality, after taking nontechnical and noneco¬ 
nomic constraints into consideration (like the 
emotional fear from new technologies, emotional bar¬ 
riers to use biomass, etc.) (Adapted from [4]). 

Additionally there are also many other approaches 
toward depicting the possible potentials. For instance, 
a differentiation can be made according to the avail¬ 
ability of biomass (based on the function and position 
of the material in the entire system) between: 

• Area potential (the amount of the material on the 
given area of land) 

• Material potential (amount of material that may be 
gained from the given area using the available 
technology) 

• Fuel/energy carrier potential (amount of the com¬ 
bustible material that can be made from the raw 
material) 

• Bioenergy potential (amount of the bioenergy that 
may be created after passing all different conversion 
routes) 

Another aspect that has to be mentioned is the 
competition between various purposes, for which bio¬ 
mass may be used. This problem may be denoted as the 
“4F” dilemma. Namely, one has to ask a question: 
Which need(s) of the mankind should be satisfied first 
from the available biomass potentials: food, feed, fiber, 
or fuels? Decision makers and public attention focus 
currently mostly on the rising food prices as 
a (supposed) consequence of the growing demand of 
biomass used for biofuels. However, the system of the 
interrelationships between those four main purposes 
seems to be much more complicated and difficult 
to investigate. Therefore, a system of the different 
integrated models for assessing and evaluating sustain¬ 
able biomass potentials should be created. 

Sustainable use of biomass demands a clear view of 
the future biomass potential considering all the rele¬ 
vant sustainability aspects. This includes detailed 
regional specific information about soil and climate 
and assumption concerning the expected demand on 
biomass for food, feed, and materials (fibers). 


There are no accepted rules yet to calculate sustain¬ 
able potentials [63] . Therefore, in the following section, 
an overview on the debate on biomass potential assess¬ 
ment is given, which already includes sustainability 
aspects. Simultaneously, the open points of the discus¬ 
sion are described. 

Since sustainability relates to many fields of the 
management and research, an integrated approach 
seems to be appropriate and necessary to obtain 
a comprehensive evaluation of the existing potentials. 
An example of such an integrated model for the bio¬ 
mass potential calculation is shown in Fig. 6. The areas 
covered by such models range from physics and chem¬ 
istry (air pollution and climate change), biology and 
agriculture (land use and its restrictions as well as 
biophysical conditions), economy (costs and prices), 
and environmental sciences (Life Cycle Assessment, 
LCA). LCA studies are currently developing approaches 
to incorporate indirect land use changes in the results; 
however, so far there is no widely accepted and applied 
methodology which might be universally used. The 
previously mentioned method applied by EPA in the 
evaluation of the GHG balances of the biofuels may be 
seen as the first forerunner of such an integrated 
modeling assessment. However, the models and the 
data used have still a great potential for improvement. 

Factors Influencing the Biomass Potential 

Even if a general approach for sustainable potentials is 
not available yet, the main influencing factors for the 
future biomass availability can be described. Therefore, 
in general, the technical biomass potential is analyzed 
as a realistic maximum. While the technical biomass 
potential from residues and wastes does mainly depend 
on human activities and the demographic develop¬ 
ment, the technical biomass potential from energy 
crops is linked to available arable land for energy crop 
cultivation which is influenced by a multitude of dif¬ 
ferent drivers such as policy scenarios (Fig. 7). 

The land availability for energy crop production 
depends on the overall amount of available agricultural 
land and the demand of land for food and fodder 
production. But there are various drivers influencing 
the present and future food and feedstock demand. 
Their magnitude depends on the climate zone, the 
soil quality, and specific local conditions. However, 
the main factors are universally valid in a global 
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Integrated potential assessment of the energy crops 
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Current and expected technical biomass potentials. Example: European Union considering two different scenarios for 
the development of environmental standards for the agricultural production. E+: Environmental+scenario, CP: current 
policy scenario [64] 


context. The following influencing factors maybe iden- 2. Per capita consumption of food (global per capita 
tified as those playing a crucial role on the worldwide consumption of food changes slowly but increas- 

scale [65]: ingly; the production of meat needs at least six 

times the acreage needed for the production of 
plant products) 
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3. Increase of harvests by increase of specific yields 
due to progress in plant breeding 

4. Increase of yields by improving the state of the art 
(real situation in agriculture; i.e., assimilation of 
production systems particularly in Africa and Asia) 

5. Climate change influence the availability of acre¬ 
age and the development of yields 

6. Loss of agricultural acreage by soil degradation 
(erosion, salinization) and additional need of 
areas for non-agricultural purposes (infrastruc¬ 
ture, restrictions of use, etc.) 

7. Competing needs for nature conservation 

8. Acreage for flood protection 

9. Extensification toward environmental protection 

10. Use of resources as raw material in industry 

11. Use of resources for attractive non-subsidized 
exports 

Out of these factors, the most important ones are 
the development of the global population, the future 
per capita food consumption - both driven by the 
development of the worldwide economic growth - 
and the development of the specific yields for 
food, fodder, and biomass production. Climate change 
and its impact on the agriculture production will also 


be an important factor which, however, is very 
difficult to quantify [66]. 

Figure 8 shows the main drivers and connections 
between the different levels of the biomass supply system. 
According to this, various different factors need to be 
considered by potential estimates. The assessment of 
future biomass potentials has to include a range of uncer¬ 
tainties and thus, represents a very complex question. 

The previously mentioned influencing factors may 
have a positive and negative impact on the areas avail¬ 
able for biomass production and the biomass potential. 
The most sensitive drivers are the demand for food 
(potential reducing factor) and the increase in agricul¬ 
tural yields (potential increasing factor). One has to 
take into consideration, however, that the potentials 
and distributions vary largely according to the local 
conditions. Therefore, information of the biomass 
potential is necessary on the regional and country- 
related scale. 

Table 5 presents the overview of the available agri¬ 
cultural land for the purposes of the energy crop pro¬ 
duction (i.e., historical data from 2002 to 2005). As it 
can be seen, the highest area potential occurs in Aus¬ 
tralia, Europe, and North America. Most of the land 
available for energy crop production might be obtained 
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Interrelationships and drivers of the biomass potential for energy crops (Adapted from [34]) 
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Biomass Provision and Use, Sustainability Aspects. Table 5 Potential of agricultural land for energy crops in 2002-2005, 
in [10 3 ha] 


Surplus area from the production of 


Country 

Fallow land 

Crops 

Milk 

Beef 

Sum 

EU-27 

14,145 

9,390 

4,919 

2,140 

30,595 

Europe others 

88,975 

5,141 

1,837 

351 

96,336 

Europe total 

1,03,121 

14,531 

6,756 

2,491 

1,26,932 

North America 

93,373 

31,182 

-400 

373 

1,26,123 

Central America 

15,279 

1,241 

-4,148 

-2,322 

17,468 

South America 

19,100 

16,102 

5,734 

25,904 

71,140 

America total 

1,27,753 

49,985 

7,604 

29,296 

2,14,732 

Australia 

24,909 

12,268 

65,658 

89,925 

1,92,760 

Oceania 

3,219 

138 

8,197 

1,628 

13,182 

Asia 

47,595 

13,832 

41 

675 

62,188 

Africa 

43,337 

352 

270 

65 

45,451 

Sum (133 countries) 

3,49,933 

91,105 

88,527 

1,24,081 

6,55,244 


from fallow land, followed by surplus area coming from 
the production of the beef, other crops, and milk. 
Nonetheless, in some regions, negative values occur, 
underlining the missing production capacities and/or 
non-advantageous country characteristics. Another sur¬ 
prising fact is the low land availability in Africa and Asia, 
in relation to the total area of these continents. 

The general characteristics of the key regions of the 
world may be described as follows: 

• Europe: relatively large area available for the biomass 
production; high productivity and efficiency of the 
production does not leave much space for surplus 
areas that could be used for the biomass production, 
especially in so-called old EU member states. 

• Russia and the Ukraine: very large area (alone in 
Russia approximately 216 mn ha of the total agri¬ 
cultural land) available mainly in the form of the 
fallow land; the current productivity and produc¬ 
tion efficiency is very low, but may slowly increase 
in the future; in the middle term, it is estimated that 
both countries will increase their area potential for 
bioenergy sources. 

• North America: large agricultural area, high yields 
per hectare, importance of the utilization of the 


genetically modified organisms (e.g., maize) may 
be observed; very high area potential. 

• Latin America: the growth of agriculturally utilized 
areas may be observed; Brazil is especially impor¬ 
tant from the point of view of sustainability, since it 
is a big ethanol producer. 

• Asia: increasing yields per hectare combined with 
a small area of available land per capita allow to 
maintain currently the self-provision with food; 
very small area available for the production of the 
energy plants; sustainability problems in Malaysia/ 
Indonesia related to the conversion of the carbon- 
rich soils into palm plantations. 

• Australia: one of the highest surplus of the grain 
exports in the world and approximately 440 mn ha 
of agricultural land; however, the area potential is 
expected to decrease due to the growth in population, 
reduction in yields, and diminishing agricultural land. 

• Africa: currently relatively small area potential due 
to the non-advantageous climate conditions; how¬ 
ever, the biomass potential occurring in the other 
fields of biomass provision. 

For the assessment of the sustainable biomass 

potential, the following areas of the biomass 
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provision pathways, where social, environmental, and 
economic requirements could be met, are taken into 
consideration: 

• The cultivation of the perennial plants on mar¬ 
ginal, idle, or degraded lands abandoned from the 
agricultural use; in such way, the several negative 
aspects related to the biomass use are being min¬ 
imized, namely competition with food crops, 
direct and indirect land use changes related to 
the biofuels expansion, which is inevitable asso¬ 
ciated with the creation of the long-term land 
clearing-associated carbon debts and biodiversity 
losses. 

• Use of the abandoned crop residues, not utilized for 
the food production or other purpose. Here, the 
crucial aspect would be related to the maintenance 
of the soil fertility (known as humus balance); how¬ 
ever, some amounts of the residues might be used, 
e.g., for energy purpose. 

• The sustainable uses of the forest residues, includ¬ 
ing wood branches, sawmill operation rests, etc. 

• Cultivation of the double crops and mixed cropping 
systems. In the first case, the crops for the bioenergy 
purposes might be grown between the summer 


periods, when the traditional crops for the food 
purposes are cultivated. In the second case, systems 
which may grow simultaneously for food and 
energy purposes are summarized. 

• Conversion of solid waste streams, rich in organic 
matter such as municipal and industrial wastes, into, 
e.g., liquid fuels. Sometimes the declining potential 
of this source of bioenergy is mentioned due to the 
minimizing the waste losses in industry and improv¬ 
ing the production efficiencies [41, 67, 68]. 

Concerning these factors, the future potentials 
for residues are projected to be in a smaller range 
than the potential for energy crops. Because of the 
uncertainties mentioned above, energy crop poten¬ 
tials are often assessed with scenario approaches. 
As a result, various information on the current 
and future biomass potentials are obtained. 
Figure 9 presents a comparison of some studies focus¬ 
ing on the current and future potential. As one can see, 
the difference between the estimation varies from 
approximately 100 EJ per year up to almost 1,400 EJ 
per year in 2050. 

The question appears about the role and influence 
of sustainability standards on the availability of 
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Fuel potential for the various regions of the World (Data of [66, 69-85]) 
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biomass for energy production. As it appears, obeying 
the “strong” sustainability rules does not automatically 
result in the reduction of the energy crop potentials. 
Figures 10 and 11 compare the energy crop potential 
for a “business as usual” scenario and an “environment 
and health” scenario, which predict stronger environ¬ 
mental standards (no additional land use change), but 
also a adoption of the food-consumption-pattern 
(reduction of meat consumption to a more “healthy” 
level): 

• In the “Business as usual scenario” it was assumed 
that the legal, economic, and environmental condi¬ 
tions in the future will be exactly the same as today. 
That means that some negative processes are con¬ 
tinuously taking place (e.g., agricultural area 
degradation, forest clearing, loss of land area for 
the industrial and residential purposes). Although 
the ecological agriculture is growing and the 
fertilizer input is being minimized according to 
the regulatory trends, the scenario assumes that 
the conventional production techniques still 
prevail. 

• The environment and health scenario is assuming 
both: application of the ecological and sustainable 


land management practices, as well as change in 
eating habits of the specific countries according to 
the recommendations of the World Health 
Organization. 

As a result of the “business as usual” scenario cal¬ 
culations, one may see that the global biomass poten¬ 
tials are the highest on the northern hemisphere, in the 
bigger part of the South America and in Australia. In 
Africa, Asia, and some countries of the Central and 
South Africa, the calculated potential is very low 
(approximately 0 to 1,000 MJ/person, Fig. 10). This is 
due to the previously mentioned conditions, such as 
high population number or non-advantageous climatic 
conditions. 

The results of the “environment and health” sce¬ 
nario are in the same range as the “business as usual” 
scenario. As a result, one may observe an increase in the 
biomass potentials in most of the industrialized coun¬ 
tries and in Russia. 

The use of a degraded land, which is also discussed 
as a relevant biomass potential was not considered in 
both of the scenarios. Taking those lands for biomass 
production includes especially social risks, because they 
are primarily located in developing countries. 
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Biomass potential in MJ/person in "business as usual" scenario for the year 2020 
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Biomass Provision and Use, Sustainability Aspects. Figure 11 

Biomass potential in MJ/person in "environment and health" scenario (ecological approach in agriculture and change in 
eating habit) for the year 2020 


Summary 

The increasing use of biomass as a consequence of the 
political decision concerning the minimization of GHG 
emissions has revealed that the provision and use of 
biomass may also have some negative impacts on the 
environmental, social, and economic spheres of life. As 
a consequence, various actors and decision makers 
have decided to employ the concept of sustainability 
to avoid or minimize potentially negative influence of 
the biomass use. This entry has discussed the state-of- 
the art, ongoing developments and the future perspec¬ 
tives in the following areas of the biomass 
sustainability: 

• Sustainability requirements 

• Crucial factors to be taken into consideration by 
sustainability 

• Requirements along the biomass process chain 

• Life-cycle analyses and the indirect influence of the 
policies and decision making 

• Creation of the standards, certification schemes, 
and binding laws 

• Demands and methodologies for the assessment of 
sustainable biomass potentials 


As it appears, supplying and using biomass in 
a sustainable manner requires taking into consider¬ 
ation and simultaneously modeling very complex, 
multi-level interconnected systems. First steps have 
been done in the last few year, but additional effort 
has to be taken to include also land use, social aspects, 
and environmental demands. 

Future Directions 

The approach toward sustainability depends on the type 
of stakeholder and its point of view, interests, which 
subsequently determine different strategies and specific 
measures. There are four main levels, at which sustain¬ 
ability issues may be developed and proliferated, namely: 

• International (e.g., European Union), national, and 
regional authorities, issuing mandatory laws and 
standards 

• Complementary measures issued on the interna¬ 
tional, national, and regional levels 

• Commercial implementation of sustainability 
initiatives 

• Activities of the non-governmental organizations 
(NGOs) [86] 
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The importance of a sustainability approach 
becomes more important, when creating the binding 
laws and standards for the biomass market (e.g., biofuel 
standards). Here, the contradictory interests of biofuel 
producers (which would like to have their fuel to be 
recognized as environmentally friendly and being pro¬ 
duced in a sustainable manner) and various NGOs and 
research institutions (which underline, e.g., indirect 
land use changes) become obvious. 

Since the discussion about sustainability of biomass 
started in the last decade, there are no widely accepted 
definitions of what sustainability in the context of bio¬ 
mass should mean. Depending on the type of player 
(international organizations, governments, NGOs, 
industrial associations, etc.), sustainability is defined in 
a wider or less detailed perspective. However, it is well 
visible that the future developments of sustainability 
requirements will focus on the following issues: 

- Protection of highly biodiverse ecosystems and of 
carbon stocks 

- Maintaining carbon balance of the soils 

- Emissions from land use, land change, and forestry 
(LULUCF) 

- Reductions of the greenhouse gas emissions in com¬ 
parison to fossil fuels application 

- Reducing energy consumptions and increasing the 
efficiency [30] 

- Not causing any shifts in the GHG emissions (indi¬ 
rect land use changes) 

Those targets cannot be successfully achieved 
within the bioenergy field alone, but demand more 
complex and comprehensive action and additional 
efforts in agriculture, energy supply systems, and an 
international debate on land use in general as well. 
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Glossary 

Fast pyrolysis Heat up of the sample within 1-2 s and 
the condensation of products within seconds. 
Intermediate pyrolysis Heat up of the sample within 
minutes (1-10) and the rapid condensation of 
products within seconds. 

Pyrolysis Pyrolysis is the thermochemical conversion 
of feed material under the absence of oxygen; usu¬ 
ally products of pyrolysis are char, liquid, and gas. 
Slow pyrolysis Heat up of the sample within hours or 
days. 

Thermochemical conversion Treatment of material at 
elevated temperature and which is causing chemical 
conversion reactions like cracking, radical reac¬ 
tions, decarboxylation, and so on. 

Definition and Importance of the Subject 

Pyrolysis is the oxygen free thermochemical conversion 
of materials. Pyrolysis turns a feed like biomass into 
three major products: gases, liquids, and char. The char 
contains the ash and is often called biochar. Pyrolysis is 
able to condition or liquefy biomass. For most of the 
processes and feedstock materials the liquid contains of 
two phases, a water rich and organic rich fraction. 


By means of pyrolysis, several types of biomass 
feedstock can be made suitable for gasification or com¬ 
bustion. A solid feed is turned into gas and liquid, or 
a slurry, which is a mixture of liquid and char. For 
combustion purpose, the char is very suitable which is 
in most cases bridle and possible to use in a coal-fired 
power plant or a biomass power plant. 

Introduction 

Pyrolysis in general is the thermochemical conversion 
of feed material under the absence of oxygen. Pyrolysis 
reactors exist in various designs and for various 
pyrolysis conditions as fast, intermediate, or slow. 
Traditionally, the slow pyrolysis is known, for example, 
for charcoal production. This chapter is dealing with 
the more advanced pyrolysis types for fast and inter¬ 
mediate pyrolysis. It will give an overview of reactors 
and technical applications and the related state of the 
art. The final sections will deal with the numerical 
simulation of the processes as well as the post treatment 
of pyrolysis chars to activated carbon. 

Pyrolysis of biomass is of a different kind in terms 
of feedstock, applied reactors, as well as applied type of 
pyrolysis - fast, intermediate, or slow pyrolysis. The 
classical approach on slow pyrolysis leads to charcoal or 
even finally to activated carbon, starting from wood. 
The opposite of this is fast pyrolysis of wood in creating 
a maximum of liquid phase for this specific feedstock 
and usually tar containing chars. 

More difficult as the pyrolysis of wood is the 
pyrolysis of nonwoody biomass and the application of 
its products. A new type of pyrolysis is the intermediate 
pyrolysis. In between the reaction conditions of slow 
and fast pyrolysis, it offers much different product 
qualities of liquids, gases, and of the biochars, the 
residue from pyrolysis. The distribution of product 
phases is affected as well as the composition of the 
liquid phase. It is of importance that the reaction 
conditions for intermediate pyrolysis offer a wide 
range of variation for the process optimization. 

Kinetic Parameters and Degradation Mechanisms 

Biomass essentially can be converted to energy and 
clean fuels via thermo chemical processes. In every ther¬ 
mochemical process, pyrolytic degradation plays 
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a significant role. Attempts were made to correlate the 
characteristics of biomass pyrolysis with those of its 
components using overall kinetic models [1-3]. 
The agreement of these models was only at a specific 
heating rate, and the reason could be related to 
influence of heating rate on char formation. 
Understanding the physical dynamics (weight loss 
behavior, morphological and structural changes with 
respect to time and different heating rates) may lead to 
improved methods of conversion. Among various 
approaches to obtain the kinetics, the simplest ones 
are to use empirical and employ global kinetics, by 
using the Arrhenius expression and to correlate the 
rates of mass loss with temperature [4]. 

Increasing applications of lignocellulosic materials 
for energy production have increased the need to know 
its detailed reaction mechanisms and thermal behavior. 
From energy economic point of view for control over 
product generation and their composition, the thermal 
behavior studies of lignin is very crucial. Lignin in 
general is more thermally stable, produces more char 
and higher fraction of aromatics in the liquid product 
compared to cellulose and hemicellulose under similar 
conditions. In this study, the TG-MS techniques are 
used to evaluate the thermal characteristics and formal 
kinetic parameters for pyrolysis of different kinds of 
lignin. A mathematical model for basic studies under 
integration with the experimental data is realized. 

Experiments were carried out using different kinds 
of lignin. Tests were carried out with technical lignins, 
hydrolytic and organosolv. The hydrolytic lignin is 
typically a G type lignin. Organosolv lignin was of the 
H type lignins. The structures of these lignins are 
shown in Fig. 1. 

The branched macromolecular structure of hydro¬ 
lytic lignin contains primary and secondary aliphatic as 
well as phenolic OH groups. The methoxyl content is in 
the range of 9-11%. It is linked to neighboring phenyl 
propane repeat units via C-C and C-O-C bonds. C=0 
groups are also present, and the phenolic OH groups 
were predominant over the aliphatic OH groups com¬ 
pared to the presence of the methyl groups. The hydro¬ 
lytic lignin has an ash content of 2-3% with an average 
molecular weight of 19,300 gM _1 . 

Organosolv lignin contains primary and secondary 
aliphatic as well as phenolic OH groups. It has an 
elemental composition of Carbon 66.5%, Hydrogen 
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Structure of hydrolytic and organosolv lignin 


6.1%, OCH 3 18.9%, sugars <0.5%, and ash <1%. 
This type of lignin also has C=0 groups, and 
the amounts of the phenolic and aliphatic OH groups 
are almost equal with an average molecular weight of 
3,500 gM -1 . 

In order to understand the degradation mechanisms 
of lignin, it is important to understand the structure of 
lignin; in the sense, what kind of linkages and reactive 
groups are present. The lignin structure constitutes 
peripheral groups, aromatic nuclei, labile bridges, and 
char links. The chemical structure (CS) comprises: 

• The nature of the repeating units 

• The nature of end groups 

• The composition of possible branches and cross¬ 
links 

• The nature of defects in the structural sequence 

The chemical reactions can occur at the principal 
polymer backbone and also at the sites of repeated 
units. The propagation of the chemical reactions can 
affect both the molecular weight distribution and the 
chemical structure of the polymer [5]. 

The releasing of gas and tar components in the vapor 
phase with the simultaneous carbonaceous residue for¬ 
mation is determined by an enormous number of chem¬ 
ical reactions. These involve different precursors and 
intermediates in the condensed phase. The evolution of 
a specific product is strongly affected by the structures of 
the corresponding precursors. Tar is generally defined as 
the volatiles that condense at room temperature. Many 
tar components are recognized to be directly derived 
from the starting repeated unit of a specific 
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macromolecular constituent of biomass. Volatiles are 
made of noncondensable gases with high heating value, 
light oils suitable as fuels and feed stocks, and high 
boiling tars for subsequent refining. 

In lignin, the aromatic groups can be considered as 
refractory nuclei, which remain intact both in tar and 
char formation. Chemical constitution and reactivity 
of the linkages between the monomers has strong 
affects on the shortening process of the polymer chain 
and on the tar and char formation. The description of 
reacting phase is completed by overall characterization 
of the peripheral groups. They promote bimolecular 
reactions and affect the permanent gas formation in 
pyrolysis process. The diverse variety of lignin is ren¬ 
dered with four structural components: non-reacting 
carbon (aromatic nuclei), labile bridges, char links, and 
peripheral groups. Repeated units are interconnected 
by labile bridges or char links. Labile bridges represent 
aliphatic, alicyclic, and heteroatomic functionalities, 
not distinct chemical bonds. Peripheral groups are the 


remains of broken bridges on fragments ends that have 
the same composition. Labile bridges that decompose 
into char links during devolatilization leave a fraction 
of their oxygen in the char link. The residual oxygen is 
released as CO at high temperature. 

The numerical kinetic analysis extends the inter- 
pretability of temperature-programmed conversion of 
biomasses, and it is potentially useful for the elucida¬ 
tion of fundamental reaction mechanistic information. 
The TG analysis represents the starting base for the 
computation of the main kinetic parameters. The 
numerical results in comparison with the experimental 
results are shown in the Fig. 2. 

The increasing in complexity of the model allows 
monitoring the time/temperature evolution of the 
main families of components. The model is able to 
reproduce the main trend with the increasing of 
the overall heating rates as established by the mass 
spectrometric investigations. As shown in Fig. 3, the 
developed model is also able to predict the lignin 
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Biomass Pyrolysis. Figure 3 

Total yields of the main products families from pyrolysis of hydrolytic lignin at different heating rates and at a final 
temperature of 500°C. Comparison and predictions (marks = experimental data). The y axis stands for arbitrary yields given 
as a function of the heating rate used 


thermal behavior for high heating rates giving useful 
information for operative conditions, which are not 
easily achieved, in the lab-scale level. The total amount 
of char, tar, and permanent gas at different pyrolysis 
temperatures and different overall heating rates, which 
are not easy to realize in lab scale, are done by 
numerical methods. 

Fast Pyrolysis 

Pyrolysis is thermal decomposition occurring in the 
absence of oxygen. During pyrolysis, the feed is 
cracked and not oxidized or partially oxidized like in 
gasification or combustion. During pyrolysis, always 
a set of products is resulting: charcoal, liquids, 
and gas. 

By means of fast pyrolysis, thermal energy is 
transferred within seconds into the organic material 
and the resulting vapors are removed from the hot 
reaction zone within seconds. Both parts of the process 
usually have residence times of 0.5-2 s, and the character 
of the products is mainly defined by the high energy 
flow into the sample. Typical for fast pyrolysis is there¬ 
fore a higher tar formation during pyrolysis. Especially 
during fast pyrolysis of nonwoody biomasses, the liq¬ 
uids are higher in viscosity and tar content compared to 
those from intermediate pyrolysis. 

In terms of woody biomass, the fast pyrolysis is 
of interest for liquid production, as the liquid is 
received in very high quantity, up to 75% (compare 
Table 1). 


Principles 

Below the most important principles are summarized: 

• Very high heating rates, up to 1,000° C/s 

• Fine-grounded materials, particles of several 
millimeters down to several 10 pm 

• Typical reaction temperatures from 400°C up to 
550°C, higher or lower temperatures are given in 
literature 

• Short vapor residence times of 1-2 s 

• High cooling rates for the vapors to reduce thermal 
post decomposition 

Process Technology 

Bubbling Fluid Bed Reactor The bubbling fluidized 
bed is a simple and well-understood technology 
(Fig. 4). The advantages are good temperature control 
and efficient heat transfer due to high particle density. 
Pilot (approx. 250 kg/h) and technical scale (up to 
200 t/day) units are available (e.g., [1-3]). 

Circulating Fluid Bed Reactor Circulating fluid bed 
reactors are more complex than bubbling fluid bed 
reactors (Fig. 5). Compared to bubbling fluid bed reac¬ 
tors, the residence time of the char is almost the same as 
the residence time of the gases and vapors. Due to 
higher gas velocity, the char is transported rapidly 
through the reactor which usually leads to higher char 
contents in the pyrolysis oil. A counter measure is the 
involvement of filters to keep back the particles. The 
circulating fluid bed is very popular especially because 
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Biomass Pyrolysis. Table 1 Pyrolysis of wood under fast and slow pyrolysis conditions 



Fast pyrolysis 

500°C 

Slow pyrolysis 

420°C 

Slow pyrolysis 

500°C 

Slow pyrolysis 600°C 

Total liquid, wt% on dry 
feed 

75 

51.9 

52.8 

51.9 

Char yield, wt% on dry feed 

8.5 

33.6 

31.9 

32 /--—j 

Gas yield, wt% on dry feed 

10.9 

13.4 

11.3 

11.4 

Closure, wt% on dry feed 

94.4 

98.9 

96 

95.3 

Heating rate (°C/min) 

— 

14.5 

13.7 

12.6 


(Slow pyrolysis liquid from dry ice and acetone condenser-water and 
light ends) 

Water content (%) 

20.8 

45.9 

48.2 

43.8 

Char content (%) 

0.04 

0.02 

0.03 

0.03 

Viscosity (cP) 

53.8 

1.4 

1.1 

1.8 

PH 

2.4 

2.3 

2.5 

2.4 

Elemental analysis (%) 

C 

43.9 

28.13 

28 

27.39 

H 

7.4 

9.38 

9.38 

9.55 

N 

0.07 

0.03 

— 

— 

0 by difference 

48.6 

62.5 

62.7 

63.1 

HHV (wet) (MJ/kg) 

14.4 

6.8 

6.4 

7.1 


(Slow pyrolysis liquid from EP - heavy organic fraction) 

Water content (%) 

— 

8.6 

11.3 

7.8 

PH 

— 

2.8 

2.6 

2.6 

Elemental analysis (%) 

C 

— 

54.8 

53.75 

55.30 

H 

— 

7.14 

7.41 

7.23 

N 

— 

0.10 

0.13 

0.16 

0 by difference 

— 

38 

38.72 

37.32 

HHV (wet) (MJ/kg) 

— 

21.3 

20.4 

21.8 


Source: Bridgwater et al. [32]. 


of it high throughput. The heat for the process is 
realized by burning the char while heating the sand in 
a separate reactor unit and recirculation of the hot sand 
into the circulating fluid bed (for examples of this 
technology see [5-7]). 


Ablative Pyrolysis Reactor At the ablative pyrolysis, 
the heat transfer is optimized by having a huge heat 
transfer surface and a small sample surface pressed 
against it (Fig. 6). The biomass, usually wood, is pressed 
mechanically against the hot surface and the hot surface 
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Biomass Pyrolysis. Figure 4 
Bubbling fluid bed reactor 
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Biomass Pyrolysis. Figure 5 
Circulating fluid bed reactor 


is passing by. The reaction rates are not limited by heat 
transfer. Therefore, larger wood particles can be used or 
a solid compressed stick of wood chips is pressed against 
a hot rotating plate (hydraulically fed wood rods) [8, 9] . 
Within an alternative approach, fine particles are pressed 
with supersonic velocities (high tangential pressure) 
against the inside of a cylindrical reactor [10]. Within 
another development pressure and motion is derived 
mechanically within a rotating blade reactor [11]. 


Twin Screw Reactor - Mechanical Fluidized Bed 

Here, fast pyrolysis is accomplished in a twin screw 
mixer reactor heated by a solid heat carrier. Central 
parts of the fast pyrolysis system are a reactor 
with twin screws rotating in the same direction, 
cleaning each other with intertwining flights and 
a heat carrier loop which can be designed in several 
ways [12]. The heat carrier can consist of sand or steel 
shot (Fig. 7). 
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Ablative pyrolysis reactor 
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Biomass Pyrolysis. Figure 7 

Twin screw reactor 


The abrasive character of rapid moved sand or steel 
shot results in high amounts of char dust and is usually 
making it difficult to separate the vapors from the char 
after pyrolysis. Measures like cyclones and hot gas 
filtration have to be taken to improve the quality of 
the pyrolysis liquid. 

Rotating Cone The rotating cone reactor [13, 14] 
effectively operates as transported bed reactor. The 
transport is affected by centrifugal forces in a rotating 
cone. The heat transfer is realized by hot sand, gener¬ 
ated in a bubbling bed char combuster, where the 
remaining char from pyrolysis is oxidized to heat up 
the sand [10] (Fig. 8). The char application is inte¬ 
grated to heat the sand, and the rotating cone is 
improving the heat transfer, but is less abrasive than 
the twin screw system described in Sect. “Twin Screw 
Reactor - Mechanical Fluidized Bed”. Finally, the sys¬ 
tem has been applied successfully for the conversion of 
open fruit bunches from palm in Malaysia by [13]. 
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Rotating cone reactor 

Intermediate Pyrolysis 

Intermediate Pyrolysis differs from fast pyrolysis in 
terms of the heat transfer to the feed. The heating 
rates are much lower, in the range of 100-500°C/min. 
This leads to less tar formation during the pyrolysis 
process as more controlled chemical reactions are tak¬ 
ing place instead of thermal cracking of the biopoly¬ 
mer. The vapor residence times are very much 
dependant on the reactor type, but can be like in case 
of fast pyrolysis as low as 2 s. 

In terms of the pyrolysis of woody materials, inter¬ 
mediate pyrolysis is producing much lower liquid frac¬ 
tions, about 55% compared to 75%. Nevertheless, this 
is valid only for the pyrolysis of woody feeds and 
changes to a more equal scenario in case of other 
biogenic materials. 

Principles 

Below the most important principles are summarized: 

• Moderate heating rates, up to 200-300°C/min 

• Residence times of several minutes, up to 10 min 

• Coarse, shredded, chopped, or fine-grounded 
materials can be used as single feed or in mixtures, 
particles of several centimeters down to dust can be 
used 

• Water content of the feed up to 40 wt% 

• Typical reaction temperatures from 400° C up to 
550°C, lower temperatures down to 350°C are 
possible 
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• Short vapor residence times of 2-4 s 

• High cooling rates for the vapors to reduce thermal 
post decomposition 

Process Technology 

Typically, two major types of rotary kilns are used 
for intermediate pyrolysis processes: internally or 
externally heated systems. For internal heated kilns, 
a heat exchanger based on steam or gas powered 
tubes or electrical heaters are used. For externally 
heated systems, there exist steam, gas (direct or 
indirect), or electrical-powered systems. The following 
examples show engineering solutions for processing of 
high volatile feeds or relevance in processing. 

Conrad Process The Conrad recycling process uses 
a horizontal auger kiln reactor that applies heat to the 
feedstock [15-17]. The control of the pyrolysis process 
is decided by temperature, and especially auger speed 
and temperature. 

Double Rotary Kiln Pyrolysis The double rotary 
kiln pyrolysis is designed for mechanical coupling of 
a pyrolysis unit and a combustion unit. The coaxial 
system of two rotary kilns opens up the possibility to 
evaporate organics from the feed material in 
the inner kiln, while the carbonaceous residues are 
transported through the external kiln to a combus¬ 
tion zone. The process heat of combustion is used to 
heat the inner kiln while the ashes are leaving the 
system [18]. Both kilns can be equipped with lifters or 
spiral lifters. 

Low-Temperature Carburization Process The 

low-temperature carburization process (LTC) meets 
the need for a process, which economically reduces pet¬ 
rochemical and hydrocarbon residues into recyclable 
products, feedstocks, or clean fuels. The indirectly fired 
rotary kiln system can be operated up to 850° C. The 
throughput varies in between 800 and 2,000 kg/h. 

The LTC kiln sealing system allows operating the 
system under positive pressure, assuring no leakage of 
air which can produce an explosive mixture. 

For cleaning the kiln wall from carbonaceous mate¬ 
rials and feed, a cyclindrical cleaning device has been 
developed lying on the bottom of the rotary kiln, 
equipped with high-temperature bearings effective 


even a temperature range up to 1,100°C, running up 
to 8,000 h/a without lubrication. The cylindrical unit is 
mounted on the infeed side of the kiln and ends in the 
carburization zone of the kiln. A cone segment 
connects to the infeed zone. 

Haloclean-Gas Tight Rotary Kiln Haloclean rotary 
kiln is especially designed for the pyrolysis of high 
amount of inert and/or thermosetting containing 
materials. The invention is based on the experience 
with a vertical reactor system for pyrolysis, the so- 
called Cycled-Spheres Reactor [19]. A system has been 
developed [20] improving the heat transfer to poorly 
heat transferring materials like plastics and biomass, 
ensuring that decomposition in laboratory scale can 
also be described with micro kinetic analysis [21]. 
The usage of a spheres-filled reaction vessel improves 
the heat conductivity by order of magnitude at least 
one [9] . The system used a screw cycling metal spheres. 
The idea of heat transferring metal spheres and a screw 
which not only transports spheres but also feed mate¬ 
rial was kept and transferred into an industrial-like 
reaction system, a rotary kiln [22]. To keep the perfor¬ 
mance in low rates of consecutive reactions of the 
pyrolysis gases as well as low residence times of the 
pyrolysis gases in the system at all, the hollow screw 
shaft has been equipped with 200 sintered metal plates. 
These plates are permanently cleaned by the material 
passing their surface, thus keeping the inner core of the 
screw clean from pyrolysis products, and they are intro¬ 
ducing the purge gas directly where the pyrolysis prod¬ 
ucts are evolved (Fig. 9). 

By the screw the residence time control of the rotary 
kiln is completely different to existing kiln types. 
Feed and heat transferring spheres are transported in 
distinct volumes through the kiln. By using the screw 
in forward and backward movements, the residence time 
can be shifted to very long times, keeping the material 
permanently in motion and mixing. The system is indi¬ 
rect electrically heated by an outer oven and by the screw. 
Up to now the system is realized in pilot scale [23-25] 
and has been transferred to technical scale (20,000 t/a) 
in 2009 (see Annex 1 for an example). 

The Pyroformer The Pyroformer [26] combines 
pyrolysis with enhanced char catalyzed reforming and 
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Biomass Pyrolysis. Figure 9 

The Halocean reactor 



Biomass Pyrolysis. Figure 10 

Scheme of a pyroformer 


is increasing the gas production. Higher gas produc¬ 
tions rates are favorable especially if the pyrolysis is 
coupled to a gasification system. The reactor consists 
of two coaxial screw units (Fig. 10). The inner auger 
transports the biomass through the reactor and the 
outer screw transports the char back to the inlet zone, 
where the char is mixed together with the fresh biomass. 
The char is therefore heat carrier and reaction partner. 

Slow Pyrolysis 

Slow pyrolysis is the oldest way of treating biomass 
under oxygen free conditions and the most traditional. 
The production of barbeque charcoal is the best known 
example. Together with the production of charcoal, 
related products can be achieved like acetic acid or 
alcohols. Usually the pyrolysis vapors are used to 
deliver the heat for pyrolysis in a direct or indirect 
mode, which means either to heat the kiln from outside 


or to heat the biomass by getting it in contact with the 
combustion gases from pyrolysis gases. A third way is 
to go for a partial oxidation, but this is outside the 
theme of pyrolysis. 

Principles 

The material used for this type of pyrolysis is shaped 
from briket size to whole logs. Usually the feed material 
is traditionally wood, recent literature also shows 
cashew nut shells and palm [27-29]. 

The residence time of the solid phase is usually 
hours, up to weeks. For almost ash-free materials, the 
residue goes down to 15%, usually around 30% are 
found. 

The heating rates are several degrees per minute. 

A slow pyrolysis taking place within 1-2 h and at 
a heating rate of approximately 5 K/min will 
have a nearly even distribution between char, liquid, 
and gas. 
































































































































































































562 


Biomass Pyrolysis 


Process Technology 

A modern batch process with recirculation of the combus¬ 
tion gases is the Degussa process. 

The process is based on a large retort with a capacity 
of 100 m . The retort is fed by a belt conveyer from the 
top. After charging, hot gases are reaching the feed and 
over 16-20 h carbonization takes place. The pyrolysis 
gases are leaving the retort. The condesables 
are removed in a cooler and scrubber unit, noncon¬ 
densables go to a heat exchanger, where the gas is 
heated by using the remaining pyrolysis gas fraction. 
The temperature for carbonization is about 450- 
550° C. The charcoal is discharged from the bottom 
and fall into air-tight bunkers for cooling (Fig. 11). 


Wood 

-> 


Cooling 

bunker 


Gas from heat exchanger 



Charcoal 


Biomass Pyrolysis. Figure 11 

Degussa process - Chemviron [30] 


The production rate is about 24,000 t/year of charcoal 
from beech wood in seven retorts of this type. Typical 
charcoal yield obtained from beech wood is 34%. 
In addition, 500 t/year of very pure acetic acid can 
be recovered from this process as well as smoke 
flavors [30]. 

An example for an indirect-heated continuous process 
is the O.E. T. Calusco process. 

Wood is transported by trolleys through 
a horizontal tunnel. The tunnel, 45 m long, is 
U-shaped. The tunnel is divided in three chambers 
where the wood is firstly predried, secondly carbonized, 
and finally cooled down. Each trolley contains 12 m . 
The carbonization process is energetically self-sufficient 
as long as the moisture content of the feedstock is below 
45-50% (dry basis). The pyrolysis gases are used to run 
the process (Fig. 12). The total residence time within 
the tunnel is 25-35 h depending on moisture content 
and feedstock used. The typical production capacity of 
such a plant is about 6,000 t/year of charcoal [31]. 

A further selection of charcoal processes is given 
in [31]. 

Comparison of Different Pyrolysis Techniques 

Literature is generally pointing out fast pyrolysis as the 
measure to turn biomass into maximum amount of 
liquid and minimum amount of gases. This is true for 
sure (Table 1 and arrows), but only for wood and is 
usually leading to one phase liquids high in water, 
acids, and tars. 

In terms of other feedstock like straw, grass, or 
industrial residues from agricultural products like 
husks, the picture is much more different. The inter¬ 
mediate pyrolysis offers working conditions preventing 
formation of high molecular tars and offering dry and 
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Biomass Pyrolysis. Figure 12 

Principle drawing of the O.E.T Calusco 
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bridle chars suitable for different applications like fer¬ 
tilization or combustion. An advantage of this type of 
processing is the non-milling character and the appli¬ 
cability of larger sized feedstock, which offers the 
opportunity to separate easily the char from the vapors 
and to reach a coupled gasifier with low ash feed inde¬ 
pendent of the ash content of the material before 
pyrolysis. 

Figure 13 shows the typical behavior of wood 
during fast pyrolysis at different temperatures. 
The blue marker (a) shows that even under intermedi¬ 
ate pyrolysis conditions, almost similar results can be 
achieved. Even if two liquid phases are obtained, the 
total is quite similar. Only if the gas and char yield 
varies, less char and more gas is produced. Looking at 
wheat straw, the yellow marker (b) for intermediate 
pyrolysis and the white marker (c) show a very similar 
behavior, no longer matching the slopes for wood. 
The comparison with the gray marker (d) for slow 
pyrolysis of mallee shows that the intermediate pyrol¬ 
ysis offers a new treatment variety. Compared with fast 
and slow pyrolysis, similar or more advantageous 
products can be achieved with less sophisticated 
technological approaches and therefore lower costs of 
investment. 


Future Directions 

Pyrolysis of biomass is an important process or process 
element to turn biomass into liquid and gaseous 
products. Worldwide companies are searching for 
solutions to liquefy wood and other biomasses to get 
an intermediate product higher in energy per volume. 
The sought applications ranging from co-firing and 
firing in biomass boilers, fuel for gas engines and dual 
fuel engines to feed of gasifiers. Furthermore, the 
chemical in the liquids are of interest for bio-refineries 
as high-value products can be extracted. Finally, the 
char from pyrolysis is of increasing importance as it can 
be used to deliver the so-called biochar. Biochar is 
suitable to fertilize agricultural land and, in addition, 
sequesters carbon instead of carbon dioxide. Today, the 
most promising chars for biochar application are 
delivered by intermediate pyrolysis [33, 34]. 

Annex 1: Example: Halodean Pyrolysis and 
Gasification of Straw 

Pyrolysis of straw is still an issue for most of the 
existing pyrolysis units in the field of fast and slow 
pyrolysis. The Haloclean process has already been 
tested in 2005 in a campaign of 5 weeks for the 


Typical liquid, char and gas yields for fast pyrolysis vs. temperature 
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Beach wood 
a 450°C 
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A.V. Bridgwater*, P. Corson and M.Coulson Reaction temperature, °C 

A comparison of fast and slow pyrolysis liquids from mallee 
Int. J. Global Energy Issues, Vol. 27, No. 2, 2007 


Biomass Pyrolysis. Figure 13 

Comparison of the yields of liquids from fast, slow, and intermediate pyrolysis [32] 
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Biomass Pyrolysis. Figure 14 

Yield of pyrolysis products - powdered straw 


conversion of 15 t of straw into liquids, gas, and char. 
Later on, the liquids and the char have been success¬ 
fully converted to synthesize gas in a commercial-scale 
gasifier [35]. 

The Haloclean-reactor has been used in a temperature 
range of 320-500° C. Typical for this reactor are short 
residence times (1-10 min for the solid residues) for 
pyrolysis of chaffed straw, finely ground straw, and straw 
pellets with variable residence times of about 0.3-60 s for 
the gas phase and gaseous pyrolysis liquids. The 
Haloclean-reactor consists of a rotary kiln equipped 
with an internally nitrogen purged and heated screw. 
During the pyrolysis, metal spheres are transported 
through the rotary kiln for a better heat transfer. 

A very important result of this test is that the shape 
and size of the feed can be variable without changing 
the performance of the reactor. 

Figure 14 shows that at low temperature (325°C), the 
coke yield is much higher than the yield of oil (73:18), 
while at higher temperature (375°C), the ratio coke/oil is 
38:37 (1:1). At a pyrolysis temperature of 385°C, the ratio 
coke/oil is at an optimum of 36:41.6. Therefore, it is 
possible to obtain with the Haloclean pyrolysis up to 
5% more oil than coke. 

Generally one can see that the amount of pyrolysis gas 
is increasing with increasing temperature; at 400° C, the 
amount of pyrolysis oil is decreasing due to the fact that 
more and more pyrolysis oil is degraded to pyrolysis gas. 

The dimensions of the Haloclean-pyrolysis pilot 
plant are shown in Fig. 15. Below the dimensions of 
such a plant are given exemplarily. 
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Biomass Pyrolysis. Figure 15 

Scheme of the Haloclean-pyrolysis pilot plant 


• Diameter of the pipe: d Q = 273 mm, d x - 253 mm 

• Length of the oven: 2,200 mm 

• Total length: 4,500 mm 

• Diameter of the screw: 116 mm 

• Draft of the screw: 150 mm 

• Heat transfer medium: Spheres m - 70 g, d - 25 mm 

Below, results of the pyrolysis of straw are shown as an 
example. 

• Pyrolysis Char: H 0 = 26 MJ/kg; H Q is the upper 
heating value 

C: 63%, H: 3.7%, N: 1.1%, O: 12.9% 

Ash content of the Char: Si0 2 : 59%, A1 2 0 3 : 0.3%, 
Fe 2 0 3 : 0.7%, CaO: 7.3%, MgO: 2.1%, P 2 0 5 : 
3.4%, Na 2 0: 0.4%, K 2 0: 23.8%, S0 3 : 3.1% 

• Pyrolysis Liquid : H 0 = 7 MJ/kg (approx. 50% 
water phase) and 18% highly phenolic phase 
(H 0 = 24 MJ/kg) 
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Glossary 

Biodiversity The variability among living organisms 
from all sources including, inter alia, terrestrial, 
marine, and other aquatic ecosystems and the eco¬ 
logical complexes of which they are part, which 
includes diversity within species, among species, 
and of ecosystems. 

Bio energy Energy derived from biomass. 

Biofuel Any liquid, gaseous, or solid fuel produced 
from plant or animal organic matter (e.g., soybean 
oil, alcohol from fermented sugar, black liquor from 
the paper manufacturing process, wood as fuel, etc.). 
Second-generation biofuels are products such as eth¬ 
anol and biodiesel derived from lignocellulosic bio¬ 
mass by chemical or biological processes. 

Biomass The total mass of living organisms in a given 
area or of a given species usually expressed as dry 
weight. Organic matter consisting of, or recently 
derived from, living organisms (especially regarded 
as fuel) excluding peat. Biomass includes 
products, by-products, and waste derived from 
such material. Cellulosic biomass is biomass from 
cellulose, the primary structural component of 
plants and trees. 

Deforestation The natural or anthropogenic process 
that converts forest land to non-forest. 


Ecosystem A system of living organisms interacting 
with each other and their physical environment. 
The boundaries of what could be called an ecosys¬ 
tem are somewhat arbitrary, depending on the 
focus of interest or study. Thus, the extent of an 
ecosystem may range from very small spatial scales 
to the entire planet. 

Forest Defined under the Kyoto Protocol as 
a minimum area of land of 0.05-1.0 ha with tree- 
crown cover (or equivalent stocking level) of more 
than 10-30% with trees with the potential to reach 
a minimum height of 2-5 m at maturity in situ. 
A forest may consist either of closed forest forma¬ 
tions where trees of various story and undergrowth 
cover a high proportion of the ground or of open 
forest. Young natural stands and all plantations 
that have yet to reach a crown density of 10-30% 
or tree height of 2-5 m are included under forest, 
as are areas normally forming part of the forest 
area that are temporarily unstocked as a result 
of human intervention such as harvesting or 
natural causes but which are expected to revert to 
forest. 

Governance The way government is understood has 
changed in response to social, economic, and tech¬ 
nological changes over recent decades. There is 
a corresponding shift from government defined 
strictly by the nation-state to a more inclusive con¬ 
cept of governance, recognizing the contributions of 
various levels of government (global, international, 
regional, local) and the roles of the private sector, of 
nongovernmental actors, and of civil society. 

Integrated assessment A method of analysis that 
combines results and models from the physical, 
biological, economic, and social sciences, and the 
interactions between these components in 
a consistent framework to evaluate the status and 
the consequences of environmental change and the 
policy responses to it. 

Land use The total of arrangements, activities and 
inputs undertaken in a certain land-cover type (a set 
of human actions). The social and economic pur¬ 
poses for which land is managed (e.g., grazing, timber 
extraction, and conservation). Land-use change 
occurs when, for example, forest is converted to agri¬ 
cultural land or to urban areas. 
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Models Models are structured imitations of 
a system’s attributes and mechanisms to mimic 
appearance or functioning of systems, for exam¬ 
ple, the climate, the economy of a country, a crop. 
Mathematical models assemble (many) variables 
and relations in computer code to simulate sys¬ 
tem functioning and performance for variations 
in parameters and inputs. Bottom-up models 
aggregate technological, engineering, and cost 
details of specific activities and processes. Top- 
down models apply macroeconomic theory, 
econometric and optimization techniques to 
aggregate economic variables, like total consump¬ 
tion, prices, incomes, and factor costs. Hybrid 
models include bottom-up approaches or results 
in top-down models. 

Potential Several levels of biomass supply potentials 
can be identified, although every level may span 
a broad range. 

Market potential The amount of bioenergy output 
expected to occur under forecast market condi¬ 
tions, shaped by private economic agents and reg¬ 
ulated by public authorities. Private economic 
agents realize private objectives within given, per¬ 
ceived, and expected conditions. Market potentials 
are based on expected private revenues and expen¬ 
ditures, calculated at private prices (incorporating 
subsidies, levies, and rents) and with private dis¬ 
count rates. The private context is partly shaped by 
public authority policies. 

Economic potential The amount of bioenergy output 
projected when all social costs and benefits related 
to that output are included, there is full transpar¬ 
ency of information, and assuming exchanges in the 
economy install a general equilibrium characterized 
by spatial and temporal efficiency. Negative exter¬ 
nalities and co-benefits of all energy uses and of 
other economic activities are priced. Social dis¬ 
count rates balance the interests of consecutive 
human generations. 

Sustainable development potential The amount of 
bioenergy output that would be obtained in an 
ideal setting of perfect economic markets, optimal 
social (institutional and governance) systems, and 
achievement of the sustainable flow of environmen¬ 
tal goods and services. This potential is distinct 
from economic potential by explicitly addressing 


inter- and intragenerational equity (distribution) 
and governance issues. 

Technical potential The amount of bioenergy output 
obtainable by full implementation of demonstrated 
and likely to develop technologies or practices. No 
explicit reference to costs, barriers, or policies is 
made. In literature, analysts often adopt practical 
constraints in that context they implicitly take into 
account for instance socio-geographical and socio¬ 
political considerations (also called resource 
potential). 

Theoretical potential This potential is derived from 
natural and climatic (physical) parameters. The 
theoretical potential can be quantified with 
a reasonable accuracy, but the information is of 
limited practical relevance. It represents the upper 
limit of what can be produced from biomass from 
a theoretical point of view based on current scien¬ 
tific knowledge. It does not take into account 
energy losses during the conversion process neces¬ 
sary to make use of the resource nor any kind of 
barriers. 

Price elasticity of demand The ratio of the percentage 
change in the quantity of demand for a good or 
service to 1% change in the price of that good or 
service. When the absolute value of the elasticity is 
between 0 and 1, demand is called inelastic; when it 
is greater than 1, demand is called elastic. 

Reforestation Direct human-induced conversion of 
non-forested land to forested land through 
planting, seeding, and/or the human-induced 
promotion of natural seed sources, on land that 
was previously forested but converted to 
non-forested land. For the first commitment 
period of the Kyoto Protocol, reforestation activi¬ 
ties will be limited to reforestation occurring on 
those lands that did not contain forest on December 
31, 1989. 

Scenario A plausible description of how the future 
may develop based on a coherent and internally 
consistent set of assumptions about key relation¬ 
ships and driving forces (e.g., rate of technological 
change, prices) on social, economic, 
energy, etc. Note that scenarios are neither 
predictions nor forecasts, but are useful to provide 
a view of the implications of developments and 
actions. 
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Definition of the Subject 

The role of biomass as a sustainable source for energy 
and materials has been heavily debated in recent years. 
In 2008, when food prices peaked (just as oil and many 
other commodities), biofuels were blamed for starving 
the poor, disturbing markets, making unsustainable 
use of land and water and, especially due to indirect 
land-use change, resulting in poor or even negative 
greenhouse gas (GHG) balances. In the meantime, 
a large amount of literature has been produced provid¬ 
ing pieces of insight in various fields, but integral 
analyses on the matter are scarce. This article provides 
an extensive assessment of what is known and what is 
not known about the possibilities to realize 
a sustainable resource base for bio-based energy car¬ 
riers and materials. The work looked at energy poten¬ 
tials in conjunction with key factors affecting its 
sustainability (biodiversity, water, competition with 
the food production system, soil quality, and energy 
demand) and deployed integrated assessment model¬ 
ing plus a detailed evaluation of uncertainties. Biomass 
energy potentials are found to range between 200 and 
500 EJ/year in 2050. Crucial in these figures is that water 
limitations, biodiversity protection, and food demand 
are taken into consideration. Improvements of agricul¬ 
tural efficiency and crop choice (especially perennial 
cropping systems offer the best perspectives) are essen¬ 
tial preconditions to reach the higher end of the range. 


Introduction 

In a wide variety of scenarios, policy strategies, and 
studies that address the future world energy demand 
and the reduction of greenhouse gas emissions, bio¬ 
mass is considered to play a major role as renewable 
energy carrier. Over the past decades, the modern use 
of biomass has increased rapidly in many parts of the 
world and many countries have ambitious targets for 
further biomass utilization in the light of the Kyoto 
GHG reduction targets. Rising oil prices have also 
increased the level of interest in bioenergy. 

Biomass is the most important renewable energy 
source, providing about 10% (46 EJ) of the annual global 
primary energy demand. A major part of this biomass 
use (37 EJ) is noncommercial and relates to charcoal, 
wood, and manure used for cooking and space heating, 
generally by the poorer part of the population in devel¬ 
oping countries. Modern bioenergy use (for industry, 
power generation, or transport fuels) is making already 
a significant contribution of approximately 9 EJ, and this 
share is growing. Today, biomass (mainly wood) contrib¬ 
utes some 10% to the world primary energy mix, and is 
still by far the most widely used renewable energy source 
(Fig. 1). While bioenergy represents a mere 3% of 
primary energy in industrialized countries, it accounts 
for 22% of the energy mix in developing countries, 
where it contributes largely to domestic heating and 
cooking, mostly in simple inefficient stoves. 



Municipal and 
industrial waste 

Agricultural 

crops and by-products 


Biomass Resources, Worldwide. Figure 1 

Share of bioenergy in the world primary energy mix [1, 2] 
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The expected deployment of biomass for energy on 
medium to longer term differs considerably between 
various studies. A key message from the review of 
currently available insights on large-scale biomass 
deployment is that its role is largely conditional: 
deployment will strongly depend on sustainable devel¬ 
opment of the resource base and governance of land 
use, on development of infrastructure, and on cost 
reduction of key technologies, for example, new gener¬ 
ation biofuels. 

Due to rising prices for fossil fuels (especially oil, 
but also natural gas and to a lesser extent coal), the 
competitiveness of biomass use has improved consid¬ 
erably over time. In addition, the development of C0 2 
markets (emission trading), as well as ongoing learning 
and subsequent cost reductions for biomass and 
bioenergy systems, have strengthened the economic 
drivers for increasing biomass production, use, and 
trade. Sufficient biomass resources and a well- 
functioning biomass market that can assure reliable, 
sustainable, and lasting biomass supplies are crucial 
preconditions to realize such ambitions. To date, 
various countries have considerable experience with 
building biomass markets and linking available 
resources with market demand. Examples are found 
in Brazil, Sweden, Finland, Canada, and the Nether¬ 
lands. Relatively recently, international trade in bio¬ 
mass resources has become part of the portfolio of 
market dealers and volumes traded worldwide have 
increased at a very rapid pace with an estimated 
doubling of volumes in several markets over the past 
few years [3]. 

Because of the “globalization of bioenergy” and the 
steeply increased demand for both liquid and solid 
biofuels, biomass supplies (e.g., pellets from agricul¬ 
tural and forest residues, vegetal oils such as palm oil 
and rapeseed, bio-ethanol) from other continents are 
now used in various markets. This triggered a heated 
debate on the sustainability of those developments, 
because biomass production is now also associated 
with increased competition with food production and 
land, loss of forest cover, and the like. Besides such 
competition, also the net reduction in GHG emissions 
is questioned in case land use for biomass is associated 
with clearing (virgin) forest, conversion of peat land, as 
well as high fossil energy inputs for machinery, fertil¬ 
izers, and other agrochemicals. 


If biomass is to contribute to levels representing up 
to one third of the global future energy supply during 
this century, this implies that land-use implications are 
very significant. Views on such potential developments 
differ from “utterly destructive” to feasible and possible 
to develop biomass potentials in synergy with rural 
development and sustainable management of natural 
resources. The latter, more positive views, are 
supported by the fact that rationalization of agriculture 
has beneficial effects and biomass may also be pro¬ 
duced on marginal and degraded lands not suited for 
production of food, with possible ecological benefits. 

Proper standardization and certification proce¬ 
dures to ensure sustainable biomass production and 
use are currently being developed. Currently, this is 
a priority for various governments, market players, 
and international bodies. In particular competition 
between production of food, preservation of forests 
and nature, and the use of land for biomass production 
should be avoided. It is often stated that this may be 
possible by using lignocellulosic biomass resources that 
can come from residues and wastes or are grown on 
non-arable (e.g., degraded) lands and in particular by 
increased productivity in agricultural and livestock 
production. Demonstration of such combined devel¬ 
opment where sustainable biomass production is 
developed in conjunction with more efficient agricul¬ 
tural management is a challenge and it is questioned to 
what extent strict sustainability demands will influence 
biomass resource potentials over time. 

The potential for energy crops depends largely on 
land availability considering that worldwide a growing 
demand for food has to be met, combined with envi¬ 
ronmental protection, sustainable management of soils 
and water reserves, and a variety of other sustainability 
requirements. Given that a major part of the future 
biomass resource availability for energy and materials 
depends on these complex and related factors, it is not 
possible to present the future biomass potential in one 
simple figure. 

Focusing on the more recent estimates of biomass 
resource potentials, energy farming on current agricul¬ 
tural (arable and pasture) land could, with projected 
technological progress, contribute 100-300 EJ annu¬ 
ally, without jeopardizing the world s future food sup¬ 
ply. A significant part of this potential (around 200 EJ 
in 2050) for biomass production may be developed at 
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low production costs in the range of 2 €/GJ assuming 
this land is used for perennial crops [4, 5]. Another 
100 EJ could be produced with lower productivity and 
higher costs, from biomass on marginal and degraded 
lands. Regenerating such lands requires more upfront 
investment, but competition with other land uses is less 
of an issue and other benefits (such as soil restoration, 
improved water retention functions) may be obtained, 
which could partly compensate biomass production 
costs. Combined and using the more average potential 
estimates, organic wastes and residues could possibly 
supply another 40-170 EJ, with uncertain contribu¬ 
tions from forest residues and potentially a significant 
role for organic waste, especially when biomaterials are 
used on a larger scale. 

Key to the introduction of biomass production in 
the suggested orders of magnitude is the rationalization 
of agriculture, especially in developing countries. 
There is room for considerably higher land-use effi¬ 
ciencies that can more than compensate for the grow¬ 
ing demand for food [6]. 

Available studies already indicate that the results are 
sensitive to assumptions about crop yields and the 
amount of land that could be made available for the 
production of biomass for energy uses, including 
biofuels. Critical issues include: 

• Competition for water resources: Although the esti¬ 
mates mentioned above generally exclude irrigation 
for biomass production, it may be necessary in 
some countries where water is already scarce. 

• Use of fertilizers and pest control techniques: 
Improved farm management and higher productiv¬ 
ity depend on the availability of fertilizers and pest 
control. The environmental effects of heavy use of 
fertilizer and pesticides could be grave. 

• Land use: More intensive farming to produce energy 
crops on a large scale may result in losses of biodi¬ 
versity. Perennial crops are expected to be less harm¬ 
ful, or even able to achieve positive effects compared 
to conventional crops such as cereals and seeds. More 
intensive cattle-raising would also be necessary to 
free up grassland currently used for grazing. 

• Competition with food and feed production: 
Increased biomass production for biofuels out of 
balance with required productivity increases in 
agriculture could drive up land and food prices. 


Although available studies give a reasonable insight in 
the importance of various parameters, the integration 
between different arenas is still relatively limited. This 
causes confusion in public as well as scientific debate, 
with conflicting views on the possibilities for sustain¬ 
able use of biomass as a result. These explanations aim 
to tackle this problem by providing a more compre¬ 
hensive assessment of the current knowledge with 
respect to biomass resource potentials. 

The main objectives of this work are outlined below. 

1. Provide clear insights in the linkages between the 
impacts of (large-scale) use of biomass for energy 
and material on food supplies, water use, nature 
and biodiversity, and in macroeconomic terms. 

2. Provide insight in regional and site-specific ele¬ 
ments in the above-mentioned issues. 

3. Translate the results of the assessment into an over¬ 
view of the more and less certain issues with respect 
to biomass resource potentials and to policy¬ 
relevant recommendations on how to develop and 
use biomass resources in a sustainable way, includ¬ 
ing research and development needs. 

To reach these goals the work is set up as follows. 

• The first part comprises an assessment of recent 
literature on the key areas distinguished: biomass 
potentials, food production, water, biodiversity, 
energy demand, and analyses of agricultural eco¬ 
nomics. Furthermore, greenhouse gas (GHG) bal¬ 
ances of biomass use for energy are distinguished as 
a separate topic. Distinction is made between vari¬ 
ous biomass resource-technology combinations 
and different settings for biomass production. 

• The second part is an integration component, 
which describes the linkages between the different 
key areas and quantifies the consequences of the 
results of the assessment to the extent that available 
models and tools allow doing so. A limitation is that 
no new models are developed. 

• The third part translates the results of the assessment 
and the integration activities into an extensive assess¬ 
ment of the uncertainties of future biomass resource 
potentials and which factors are of major and which 
of lesser importance. Based on this, policy recom¬ 
mendations and further steps to reduce uncertainties 
and fill gaps in knowledge are identified. 
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Analysis of Existing Studies 

Here, a summary is given of the review of recent studies 
in the field of biomass potentials, biodiversity, water, 
food demand, energy demand, and agricultural eco¬ 
nomics. These are main relevant areas for estimating 
the potentials of biomass for energy and material 
purposes. 

The review describes the most important aspects 
and parameters that should be taken into account in an 
“ideal study.” Common to all areas is that global trends 
on population growth and economic development are 
an important basis to estimate future development. 
Within the review, the key parameters on the current 
situation and on the future developments that resulted 
from the various studies are presented. Finally, conclu¬ 
sions are drawn regarding important relations of the 
separate areas with biomass potentials and possible 
knowledge gaps. 

Biomass Potential Studies 

Earlier analyses of biomass potential studies had shown 
large ranges of outcomes that were based on differences 
in methodologies and assumption on crop yields and 
available land and in the case of economic potentials on 
differences in the estimated production costs [7]. 

An “ideal” study to evaluate biomass potentials 
should take into account global and regional trends 
and specific local conditions such as soil types, water 
availability, possibility of irrigation, and land-use plan¬ 
ning taking biodiversity and soil quality into account. 
It is expected that moving to the large-scale use of 
biomass for energy and materials will change land-use 
patterns and energy systems significantly. Such changes 
would influence supply and demand of (agricultural) 
land as well as those of food, materials, wood products, 
and energy carriers in a dynamic way. The economic 
relationships between the demand and the supply of 
biomass, especially taking into account changes of land 
and food prices on a regional to local level, should 
therefore be considered. 

This section focuses on the potential availability of 
biomass resources for energy and materials. It briefly 
discusses the various resource categories: residues 
from forestry and agriculture, various organic waste 
streams and, most important, the possibilities for 
active biomass production on various land categories 


(e.g., for wood plantations or energy crops such as 
sugar cane) (Fig. 2). 

Biomass residues potential availability is discussed 
below. These may be divided into: 

1. Primary residues: residues generated pre- and at 
harvest of main product, for example, tops and 
leaves of sugar cane 

2. Secondary residues: residues generated in 
processing to make products, for example, bagasse, 
rice husks, and black liquor 

3. Tertiary residues: residues generated during- and 
post end use (+ non-used products), for example, 
demolition wood and municipal solid waste 

In general, biomass residues (and wastes) are 
intertwined with a complex of markets. Many residues 
have useful applications such as fodder, fertilizer and 
soil conditioner, and raw material, for example, for 
particle board, medium density fiber board (MDF), 
and recycled paper. Net availability as well as (market) 
prices of biomass residues and wastes therefore gener¬ 
ally depend on market demand, local as well as inter¬ 
national markets for various raw material, and on the 
type of waste treatment technology deployed for 
remaining material. The latter is particularly relevant 
when waste treatment is paid for giving some organic 
waste streams a (theoretical) negative value. Typically, 
the net availability of organic wastes and residues can 
fluctuate and is influenced by market developments, 
but also can depend on climate (high and low produc¬ 
tion years in agriculture) and other factors. 

Energy crops are planted on agricultural or other 
lands for energy and material purposes. In practice 
there exists a competition between land used for energy 
crops, animal grazing, forestry, and food. However, 
synergy exists between these sources; the growth in 
food and forestry products directly implies increased 
amounts of crop residues with potential use for energy 
purposes. 

Residues and Wastes Vast amounts of biomass resi¬ 
due exist that could potentially be used as feedstock for 
biofuel production. Much of the plant matter produced 
by common crops is left on the fields after harvest, and 
a large portion of this decomposes into carbon dioxide 
rather than returning to the soil. Similarly, forestry 
practices leave behind large quantities of unharvested 
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Biomass Resources, Worldwide. Figure 2 

Schematic overview of the present terrestrial biomass flows in the food, materials, and bioenergy sectors, as well as in final 
end use. The gray arrows denote: (1) energy crops, (2) agricultural residues, (3) forest residues, (4) food residues, 

(5) manure, (6) non-food organic waste, (7) food consumption waste, and (8) non-food consumption waste [9] 


wood, and fire mitigation practices have allowed forest 
underbrush to accumulate. Of the biomass that is 
already being harvested, large amounts of residues are 
generated at agricultural processing facilities and for¬ 
estry mills, including sugar cane bagasse, rice hulls, nut 
shells, saw dust, and black liquor (at paper mills). In 
urban areas, cellulosic residues include portions of 
municipal solid waste, grass clippings, and wood from 
tree trimmings and land clearing activities. 

Residues and wastes have several advantages over 
dedicated energy crops. Most of them would require no 
additional land acreage, as they are typically pre¬ 
collected into piles at large agricultural and forestry 
facilities and often represent “waste” that must other¬ 
wise be disposed of. As a result, this feedstock is 
cheaper and is likely to be the first source of biomass 
to be tapped. Already, the wood products industry uses 
most lumber residues and much of the forestry 
residue in Europe and the USA for processing purposes 
and to generate coproducts such as wood chips, fiber- 
board, etc. 


For sustainability reasons, however, estimates of 
potential bioenergy from waste and residues would 
likely be lower than those suggested above. In general, 
it is a good idea to retain some portion of biomass 
residue in the field or forest to hold carbon, water, 
and other nutrients in the soil, and to provide habitat 
for various species. Leaving a protective amount of 
residue behind is especially important on steep slopes 
or on ecologically sensitive sites that have particularly 
erodible soils, or are near riparian areas. 

Residues from Agriculture The production potential 
for agricultural residues depends on the various yields 
of different agricultural products, the total agricultural 
land area, and the type of production system. Less- 
intensive management systems require the reuse of 
residues for maintaining soil fertility, reducing the 
total amount that can be sustainably removed. More 
intensively managed systems, meanwhile, allow for 
higher use rates of residues but also typically rely on 
crops with lower crop-to-residue ratios, such as corn. 
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Estimates are available from various studies. Poten¬ 
tial depends on yield/product ratios and the total agri¬ 
cultural land area as well as type of production system. 
Less-intensive management systems require reuse of 
residues for maintaining soil fertility. Intensively 
managed systems allow for higher utilization rates 
of residues but also usually deploy crops with lower 
crop-to-residue ratios. Estimates vary between some 
15 and 70 EJ/year. The latter figure is based on the 
regional production of food (in 2003) multiplied by 
harvesting or processing factors and the assumed 
recoverability factors [6] . These figures do not subtract 
the potential alternative use for agricultural residues. 
But, competing applications can reduce the net avail¬ 
ability of agricultural residues for energy or materials 
significantly [8]. 

Dung This category especially concerns the use of 
dried dung. Total estimated contribution could be 
5-55 EJ/year worldwide. The low estimate is based on 
global current use, and the high estimate is the 
technical potential. Utilization (collection) in the long 
run is uncertain because this is particularly considered 
a poor mans fuel [9]. There are also sociocultural 
constraints in waste utilization, which explain 
somewhat the wide differences in waste utilization 
across different regions and cultures. 

Organic Wastes This category includes the organic 
fraction of municipal solid waste (MSW) and waste 
wood (e.g., demolition wood). Organic wastes are 
a particularly attractive source of biomass energy 
because they can have a “negative” price. In other 
words, collecting and utilizing can result in 
savings from landfill tipping fees. Estimates on the 
basis of literature values strongly depend on 
assumptions regarding economic development, 
consumption, and the use of biomaterials; the ranges 
projected for MSW in the long run (e.g., beyond 2040) 
amount to 5-50 EJ/year. Higher values are 
possible when more intensive use is made of 
biomaterials [9, 10]. 

Forest Residues The (sustainable) energy potential of 
the worlds forests is partly uncertain. A recent 
evaluation of forest reserves and development of 
demand for wood products concluded that even in 
the case of the highest wood demand projections 


found in literature, the demand can (in theory) be 
met without further deforestation. The bioenergy 
potential from forestry can contribute 1-98 EJ/year 
of surplus natural forest growth and 32-52 EJ/year 
harvesting and processing residues in 2050. The 
most promising regions are the Caribbean and Latin 
America, the former Soviet Union, and partially North 
America. Key variables are the demand for industrial 
round wood and fuel wood, plantation establishment 
rates, natural forest growth, and the impact of 
technology and recycling [11]. 

Despite this potential, the amount of energy that 
can be obtained from forest residues and other waste 
biomass resources will be limited in comparison to 
energy crops; moreover, these reserves will likely be 
depleted first as demand for bioenergy grows. Finland, 
which has focused on harnessing biomass energy for 
many years, has already used a large part of its accessi¬ 
ble residues and wastes and is now importing wood 
energy. 

Energy Crops Biomass production requires land. 
Conservatively, the productivity for a perennial crop 
(like Willow, Eucalyptus, or Switchgrass) lies between 
8 and 12 t dry matter per hectare per year. The heating 
value of dry clean wood amounts to about 18 GJ/t 
(LHV). One hectare of planted area can therefore pro¬ 
duce about 140-220 GJ/(ha year) (gross energy yield, 
energy inputs for cultivation, fertilizer, harvest, etc., 
amount to about 5%). 

One petajoule would require 4,500-7,000 ha; 
1,500 MW t h (the amount of fuel needed to fire a base 
load power plant with 40% efficiency of 600 MW e ) 
would require 140,000-230,000 ha; and 100 EJ (about 
one quarter of the world s current energy use) would 
ask 450-700 Mha. 

The potential for energy crops therefore largely 
depends on land availability considering that world¬ 
wide a growing demand for food has to be met, com¬ 
bined with nature protection, sustainable management 
of soils and water reserves, and a variety of other 
sustainability criteria. Given that a major part of the 
future biomass resource availability for energy and 
materials depend on these (intertwined, uncertain, 
and partially policy dependent) factors, it is 
impossible to present the future biomass potential in 
one simple figure. 
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Review of Studies In this assessment, the focus is laid 
on the relation between estimated biomass potentials 
and the availability and demand of water, the produc¬ 
tion and demand of food, influence on biodiversity, 
and economic mechanisms. For this purpose, eight 
recent studies are analyzed (Table 1). None of these 
studies covers the whole range of issues, but they all 
have strong points at certain issues. 

The scope of the studies, in terms of biomass 
resources included, varies as well as the scenario 
assumptions. As a consequence, global biomass 
potentials vary widely. The high biomass potential 
for 2050 determined by Smeets et al. [6] shows poten¬ 
tials under intensive, very high technologically devel¬ 
oped agriculture. On the contrary, the low biomass 
potential for 2050 calculated by Wolf et al. [17] is 
caused by high population growth, high food demands, 
and extensive agricultural production systems. The 
study of Hoogwijk et al., 2005, refers to production of 
energy crops on abandoned, marginal, and rest land 
assuming global and regional trends as described in the 
IPCC SRES scenarios, under increasing agricultural 
efficiency over time [13]. Finally, the study of 
Rokityanski et al. determines economic potentials of 
afforestation and reforestation, excluding other types 
of biomass and assuming extensive forestry manage¬ 
ment [ 16] . As a result, the economic potentials for 2100 
are rather low. 

Most earlier assessments of biomass resource 
potentials used rather simplistic approaches to estimat¬ 
ing the potential of biomass plantations [7], but the 
continuous development of modeling tools that com¬ 
bine databases containing biophysical information 
(soil, topography, climate) with analytical representa¬ 
tions of relevant crops and agronomic systems has 
resulted in improvements over time (see, e.g., [18, 19, 
20 , 21 , 22 ]). 

Table 2 shows ranges in the assessed resource poten¬ 
tial year 2050, explicit for various biomass categories. 
The ranges (based on [6, 9, and 13]) provide a sum¬ 
mary of the biomass categories discussed. A large num¬ 
ber of studies (e.g., [23, 24, 25]) were reviewed that 
assess the global and regional potential, and on selected 
additional studies not included in these reviews ( [6, 10, 
19, 26-29]). 

The wide ranges in Table 2 are because the studies 
differ in their approach to considering different 


determining factors, which are in themselves uncertain: 
Population, economic, and technological development 
can go in different directions and pace; biodiversity and 
nature conservation requirements set limitations that 
are difficult to assess; and climate change as well as land 
use in itself can strongly influence the biophysical 
capacity of land. Biomass potentials can also not be 
determined exactly as long as uncertainty remains 
about agreed trade-offs with respect to additional bio¬ 
diversity loss or intensification pressure in food pro¬ 
duction as well as potential synergies in land use. 

Conclusions Summarizing, both the technical and 
economic potential of biomass resources for energy 
and material use can be very large, up to over two 
times the current global energy demand, without com¬ 
peting with food production, protection of forests and 
nature. Besides residues from agriculture and forestry 
(which are significant, but also limited due to compet¬ 
ing applications), organic waste and the active produc¬ 
tion of biomass (e.g., energy crops) are the two main 
factors responsible for these potentials. Key, however, 
to the development of competitive energy cropping 
systems is the rationalization of agriculture, especially 
in developing countries, which can result in consider¬ 
ably higher land-use efficiencies for agriculture and, 
thus, a surplus of productive land. Perennial crops 
(such as Eucalyptus, poplar, grasses as Miscanthus and 
sugar cane) provide the most favorable economics and 
environmental characteristics for biomass production. 
Table 2 provides a summary of the biomass categories 
discussed in this section. 

In theory, energy farming on current agricultural 
land could, with projected technological progress, con¬ 
tribute over 800 EJ, without jeopardizing the world s 
food supply. Organic wastes and residues could possi¬ 
bly supply another 40-170 EJ, with uncertain contri¬ 
butions from forest residues and potentially a very 
significant role for organic waste, especially when 
biomaterials are used on a larger scale. In total, the 
upper limit the of bioenergy potential could be over 
1,000 EJ/year [6, 9]. This is considerably more than the 
current global energy use of about 500 EJ. 

Latin America, sub-Saharan Africa, and Eastern 
Europe clearly are the most promising regions, as well 
as Oceania and East and Northeast Asia (in the future). 
The latter can in particular be explained by the 
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Biomass Resources, Worldwide. Table 1 Overview and evaluation of selected biomass potential studies 


Study 

Subject 

Biomass potential 

Evaluation 

Fischer et al. [12] 

Assessment of 
ecophysiological 
biomass yields 

CEE, North and Central 
Asia; EC (poplar, 
willow, Misconthus ); TP 

Strong: detailed differentiation of land 
suitability for biomass production of specific 
crops on a grid-cell level (0.5 degree) 

Weak: not considering interlinkages with 
food, energy, economy biodiversity, and 
water demands 

Hoogwijk et al. [13] 

Integrated assessment 
based on SRES 
scenarios 

Global, EC 
(short-rotation 
crops); TP 

Strong: integrated assessment considering 
food, energy material demands including 
a scenario analyses based; analyses of 
different categories of land (e.g., marginal, 
abandoned) 

Weak: crop yields not modeled detailed for 
different species and management systems 

Hoogwijk et al. [4] 

Cost-supply curves of 
biomass based on 
integrated assessment 

Global; EC 

(short-rotation crops; 
TP, EP (as cost-supply 
curve) 

Strong: establishes a global cost-supply 
curve for biomass based on integrated 
assessment 

Weak: linkage land/energy prices not 
regarded 

Obersteiner et al. [14] 

Biomass supply from 
afforestation/ 
reforestation activities 

Global; F (incl. 
short-rotation); EP 

Strong: modeling of economic potential by 
comparing net present value of agriculture 
and forestry on grid-cell level 

Weak: yields of forestry production not 
dependent on different technology levels 

Perlack et al. [15] 

Biomass supply study 
based on outlook 
studies from agriculture 
and forestry 

USA; EC, F, FR, AR, SR, 
TR; TP 

Strong: detailed inclusion of possible 
advances in agricultural production systems 
(incl. genetic manipulation) 

Weak: no integrated assessment, e.g., 
demands for food and materials not 
modeled 

Rokityanski et al. [16] 

Analysis of land-use 
change mitigation 
options; methods 
similar to Obersteiner 
et al. [14] 

Global; F (incl. 
short-rotation); EP 

Strong: policy analysis of stimulating land- 
use options including carbon prices 

Weak: agricultural land not included 

Smeets et al. [6] 

Bottom-up assessment 
of bioenergy potentials 

Global; EC, F, AR, FR, 

SR, TR; TP 

Strong: detailed bottom-up information on 
agricultural production systems including 
animal production 

Weak: yield data for crops only regionally 
modeled 

Wolf et al. [17] 

Bottom-up assessment 
of bioenergy potentials 
mainly analyzing food 
supplies 

Global; EC; TP 

Strong: various scenarios on production 
systems and demand showing a large range 
of potentials 

Weak: yields of energy crops not specified 
for different species and land types 


Biomass: EC energy crops, F forestry production, FR primary forest residues, AR primary agricultural residues, SR secondary residues, 
TR tertiary residues 

Potentials: TP technical potential, EP economic potential 
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Biomass Resources, Worldwide. Table 2 Overview of the global potential bioenergy supply on the long term for 
a number of categories and the main preconditions and assumptions that determine these potentials 


Biomass category 

Main assumptions and remarks 

Potential 
bioenergy supply 
up to 2050 

Energy farming on 
current agricultural 
land 

Potential land surplus: 0-4 Gha (more average: 1-2 Gha). A large surplus 
requires structural adaptation of intensive agricultural production systems. 
When this is not feasible, the bioenergy potential could be reduced to zero 
as well. On average higher yields are likely because of better soil quality: 
8-12 dry t/ha year is assumed 3 

0-700 EJ 
(more average 
development: 

100-300 EJ) 

Biomass production 
on marginal lands 

On a global scale a maximum land surface of 1.7 Gha could be involved 

Low productivity of 2-5 dry t/ha year 3 . The supply could be low or zero due 
to poor economics or competition with food production 

(0) 60-150 EJ 

Biomaterials 

Range of the land area required to meet the additional global demand for 
biomaterials: 0.2-0.8 Gha (average productivity: 5 dry t/ha year) 

This demand should come from category 1 and II in case the world's forests 
are unable to meet the additional demand. If they are, however, the claim on 
(agricultural) land could be zero 

Minus 

(0) 40-150 EJ 

Residues from 
agriculture 

Estimates from various studies. Potential depends on yield/product ratios 
and the total agricultural land area as well as type of production system: 
Extensive production systems require reuse of residues for maintaining soil 
fertility. Intensive systems allow for higher utilization rates of residues 

Approx. 15-70 EJ 

Forest residues 

The (sustainable) energy potential of the world's forests is unclear. Part is 
natural forest (reserves). Range is based on literature data. Low value: figure 
for sustainable forest management. High value: technical potential. Figures 
include processing residues 

(0) 30-150 EJ 

Dung 

Use of dried dung. Low estimate based on global current use. High estimate: 
technical potential. Utilization (collection) on longer term is uncertain 

(0) 5-55 EJ 

Organic wastes 

Estimate on basis of literature values. Strongly dependent on economic 
development, consumption, and the use of biomaterials. Figures include the 
organic fraction of MSW and waste wood. Higher values possible by more 
intensive use of biomaterials 

5-50 (+) EJ b 

Total 

Most pessimistic scenario: no land available for energy farming, only 
utilization of residues. Most optimistic scenario: intensive agriculture 
concentrated on the better quality soils (more average potential in a world 
aiming for large-scale utilization of bioenergy) 

40-1,100 EJ 
(250-500 EJ) 


a Heating value: 19 GJ/t dry matter 

b The energy supply of biomaterials ending up as waste can vary between 20 and 55 EJ (or 1,100-2,900 Mt dry matter per year (see Table 4); 
biomass lost during conversion, such as charcoal is logically excluded from this range). This range excludes cascading and does not take 
into account the time delay between production of the material and "release" as (organic) waste 


projected demographic developments (possibly declin¬ 
ing population in China after 2030) and fast techno¬ 
logical progress in agriculture, leading to substantial 
productivity increases. 

These analyses also show that a large part of the 
technical potential for biomass production may 


be developed at low production costs of around 
2 USD/GJ [4]. Major transitions are however required 
to exploit this bioenergy potential, especially improv¬ 
ing agricultural efficiency in developing countries (i.e., 
increasing crop yields per hectare). It is still uncertain 
to what extent and how fast such transitions can be 
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realized in different regions. Under less favorable con¬ 
ditions, the (regional) bioenergy potential(s) could be 
quite low. 

Also, it should be noted that technological develop¬ 
ments in conversion, as well as long distance biomass 
supply chains (i.e., comprising intercontinental trans¬ 
port of biomass derived energy carriers), can dramati¬ 
cally improve competitiveness and efficiency of 
bioenergy. Increased competitiveness is logically a driver 
to develop the production potentials of bioenergy. 

The recent biomass potential studies give more 
detailed and well-founded insights into future biomass 
potentials, but none of the studies does include all critical 
aspects. Important issues that remain unresolved are: 

• The competition for water with other economic 
sectors, as well as the possibilities of irrigation, has 
not been included in the biomass potential studies. 

• Human diets and alternative protein chains have 
been included to a limited extent only in the poten¬ 
tial estimates, while the impacts of different animal 
production systems need to be studied in more 
detail and applied to more biomass potential 
studies. 

• The demand for wood products and other bioma¬ 
terials has been simplified in most studies and has 
not been modeled based on economic scenario 
analysis. 

• The impact of large-scale biomass production on 
the prices (and subsequently) demands of land and 
food has not been sufficiently studied. 

• The impact of specific biodiversity objectives on 
biomass potentials has not been investigated in 
detail. 

These issues are discussed in more detail in the follow¬ 
ing sections. 

Biodiversity 

The global number of species has shown a fast 
decrease in the last few centuries, mostly through 
habitat loss and land-use change. The raised policy 
interest has led to two global UN Conventions that 
contain targets on preventing further biodiversity 
decline. The CBD Convention wants to reduce the 
rate of further loss by 2010, and is focused on 
a broad range of causes for the decline, among which 


land use changes. The Climate Convention 
(UNFCCC) has a long-term goal to prevent damage 
to biodiversity from climate change effects, next to 
mitigating climate change itself. 

Designing policy options and measures that may 
help to reach these short- and long-term targets (such 
as climate change mitigation through use of bioenergy) 
depend on the way the concept of biodiversity is 
implemented. Biodiversity includes the variability of 
all living organisms and all ecosystems. It is a complex 
phenomenon and cannot be simply defined and mea¬ 
sured. All possible indicators are imperfect to capture 
the full complexity, but they are useful if they can be 
monitored and explained, related to human impact, 
and modeled to show future developments and the 
effects of policy choices. Several complementary indi¬ 
cators are therefore used within the CBD framework. 
Different indicators might give different messages 
because of different definitions and implicit valuation 
of biodiversity, for instance when indicators based 
on “naturalness” or contrarily on “agro-bio diversity” 
are used. 

Bioenergy potential studies conducted so far 
mostly neglect the effects of biofuel production on 
different biodiversity indices. An ideal study should 
take all relevant biodiversity aspects and scales into 
account, and should not only show local effects, but 
possible shifts and trade-offs to other locations as well. 
Several types of impact assessment studies can be 
distinguished: 

1. Assessing local and present impacts of bioenergy 
cultivation 

2. Assessing integral, global impacts of bioenergy in 
an LCA-approach, comparing the effects of biofuels 
and fossil fuels over the whole production chain on 
greenhouse gas emissions, land use, and biodiver¬ 
sity effects 

3. Regional and global scenario studies, showing the 
integral and future effects of bioenergy, in combi¬ 
nation with other global developments in popula¬ 
tion growth, food demand, diets, and agricultural 
productivity 

Review of Studies For local impact studies, locally 
specific aspects like irrigation, fertilizer and pesticide 
use, former land use, and landscape structure are 
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important. When still natural areas are converted for 
bioenergy production, natural biodiversity is obviously 
lost. In case energy crops are just an additional element 
in agricultural rotation systems local short-term effects 
are negligible. On the other hand, agro-biodiversity is 
at risk when extensively used low input farmlands are 
converted to biomass crops. In Europe, protecting this 
type of biodiversity is a policy objective in its own. 
Positive effects for local biodiversity are also possible, 
for instance when replacing intensively managed agri¬ 
cultural systems by extensively managed perennial 
crops; or when replacing monocultures by extensively 
used mixed systems (agroforestry, mixed cropping, 
organic farming). 

In LCA-studies, the global and integral impact 
of biofuels on biodiversity depends strongly on the 
following aspects: 

• The integral reduction of greenhouse gas emissions 
(with fossil fuels as a reference, but also comparing 
different applications of the same biomass) per 
hectare of land used, depending on technology, soil 
characteristics, and climate. Liquid biofuels based 
on perennial and woody crops as well as sugarcane 
ethanol and palm oil generally provide better results 
than European crops. However, changes in land use 
might lead to an increase of C0 2 emissions in case 
carbon is released from the soil. 

• The loss of biodiversity related to specific land-use 
changes. In general the cultivation of natural areas 
leads to significant loss. In case of the cultivation of 
abandoned land the effect in time depends on the 
restoration time of biodiversity values. The values 
of cultivated land depend on management practices 
and crop type. 

• The (reduced) long-term effect of climate change 
on biodiversity, which is hard to quantify because of 
high uncertainties on the long term. For most liquid 
biofuels the overall impact on biodiversity is very 
likely to be negative. For none of the biofuels 
a positive impact can be guaranteed. 

There are no global scenario studies that take all rele¬ 
vant aspects of the biofuel debate into account. Several 
issues were treated in a global study [30, 31]. The 
analysis contained an ambitious climate change option 
with a broad measure portfolio, including large-scale 
use of bioenergy. The aggregated indicator MSA 


(“mean abundance of original species”) was applied 
to express global biodiversity loss, which can be 
interpreted as a measure of naturalness or ecosystem 
intactness. The indicator is not intended to highlight 
individual species, agro-biodiversity, or the specific 
value of protected areas. The analysis indicated that 
increased land use of mainly abandoned land and mar¬ 
ginal grounds for growing bioenergy crops leads to 
biodiversity losses on the short term (as compared to 
a baseline scenario, in which abandoned lands will 
restore to a more-or-less natural situation). By 2050, 
the increased loss is not yet counteracted by biodiversity 
gains through avoided climate change. In determining 
whether short-term losses can be balanced by long-term 
gains, uncertainty should be taken into account. Long¬ 
term effects are based on modeling exercises that are 
surrounded with considerable conceptual and data 
uncertainty. The local and specific characteristics and 
biodiversity values of the economically defined “mar¬ 
ginal grounds” are also not well known. Further, there is 
uncertainty on the assumption on fast and complete 
biodiversity restoration on abandoned land. 

Conclusions Published studies on the biodiversity 
effects of growing bioenergy crops are very diverse 
and show opposite results. These differences are the 
result of using different time horizons (short and/or 
long term), different scales of observation (local, 
regional, or global), and the different biodiversity def¬ 
initions (for instance naturalness or agro-biodiversity). 
More often than not, the used biodiversity indicators 
are not explicitly defined. 

The integral global impacts of biofuels on biodiver¬ 
sity depend mainly on the long-term positive effect of 
reduced future climate change and the short-term neg¬ 
ative effect of land-use change for large-scale energy 
crop cultivation instead of nature. In determining 
whether short-term losses can be balanced by long¬ 
term gains, uncertainties should be taken into account. 
The short-term effects have a high degree of confidence 
as the effects of local land-use change are based on 
monitored effects, while long-term effects are based 
on modeling exercises that are surrounded with con¬ 
siderable conceptual and data uncertainty. This finding 
shows that it is not easy to combine both the short¬ 
term CBD biodiversity goals and the long biodiversity 
goals of the Climate Convention. 
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In all cases a negative impact results from additional 
land use for large-scale biomass production. European 
annual agricultural crops do worse at the local level 
than tropical and perennial and woody crops. Further, 
not all biodiversity indicators might show the same 
results, especially when agro-biodiversity and natural¬ 
ness are confronted. Specifically, the uncertainties 
about the future beneficial effects of reduced climate 
change on biodiversity make it hard to draw definite 
conclusions about the long-term impact of biofuels. 

Water 

Quantification of the spatial and temporal distribution 
of river runoff and assessing the influence of humans 
form the backbone for decisions on optimal use of 
water resources. A common classification of water 
resources is the classification into blue and green 
water flows. Blue water refers to water in rivers, lakes, 
and groundwater. Green water refers to water in the 
rooted zone of the soil originating directly from rainfall 
that is available to plants. Globally around 80% of 
agricultural evapotranspiration (crop water depletion) 
originates from green water, while the remaining 20% 
is provided through irrigation (blue water with¬ 
drawals) [32]. Twenty to fifty percent of blue water, 
depending on the local situation, is required for envi¬ 
ronmental requirements and services. In addition, 
water is required for industrial and domestic use. 

At the regional and local scale, for blue water irri¬ 
gation efficiency is a major determinant of water use. It 
is often defined as the net crop water requirement for 
evapotranspiration as part of the water withdrawn 
from a water source. A typical value would be 40%. 
Most of the other 60% is captured and recycled some¬ 
where else in the system. As reuse loops of water are 
very common in river basins, improving irrigation 
efficiency becomes a very complex issue. Water pro¬ 
ductivity (WP) indicates the efficiency of water use, 
including blue water, if irrigated, and green water. Crop 
water productivity (CWP) is an indicator of crop yield 
per unit of water consumed (evapotranspiration). This 
implies crop water productivity depends on the main 
product. If the plant parts used for energy and food are 
not the same, crop water productivity of a crop differs 
for both purposes. Water use by crops can be estimated 
based on weather data and crop growth modeling or by 


a crop-specific water use efficiency (WUE) that varies 
among crops and crop types (C 3 -C 4 crops, annuals - 
perennials, herbaceous - woody species) and also with 
weather (rainfall, temperature, radiation) and agricul¬ 
tural management, such as input use and other 
practices. Water use efficiency can refer to evapotrans¬ 
piration, transpiration, total crop yield, economic 
product, etc. Hence, caution is required when using 
data from literature [33]. 

The ideal study does not exist as several very diver¬ 
gent aspects have to be considered with respect to 
water. Water availability and water use can be assessed 
at crop, farm, river basin, continental, and global scales. 
Each scale has its own crucial parameters for reliable 
calculations and estimates and its own assessment tar¬ 
gets. Water use for bioenergy production has to be 
compared with actual water (and nutrient) use and 
existing or expected bottle necks for water availability 
have to be identified. As priority is often given to the 
other uses (food, domestic and industrial water use), all 
uncertainties and inaccuracies are accumulating in the 
final assessment of the scope for energy crops. 

Review of Studies Expected future water use by 
industry and domestic sectors differs between different 
sources, as assumptions on technological development 
(efficient systems), economy, and lifestyle vary among 
these sources. Some studies expect it to be more or less 
constant [34] and others expect it to increase by 
60-220% [35]. However, the largest part of this use 
(80%) flows back to rivers, lakes, or groundwater. For 
agricultural water withdrawal, estimates vary consider¬ 
ably depending on the scenarios on population growth, 
human diet, and input levels used. However, in all 
scenarios total water use is increasing. Energy crops 
are not considered explicitly in most studies. 

The effect of expanding the area under biomass 
crops taking into account both rain-fed and irrigated 
agriculture can be estimated [13, 17]. If the area avail¬ 
able for energy crops varies between 0% and 45% of the 
present agricultural land (depending on the assumed 
scenario; i.e., human diet, input level, and population 
growth [36]), under a biomass-intensive scenario sim¬ 
ilar trends can be expected for energy crops as other 
studies showed for food crops. But the effect is stron¬ 
ger: increasing water scarcity in most regions, with the 
largest effects in the regions that are already water 
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scarce. Increasing evapotranspiration is the main factor 
and irrigation of energy crops would increase water 
scarcity. 

Total blue water requirements and availability, 
including the environmental water requirements 
(EWR) have been expressed in a water stress indicator 
(Fig. 3) [32, 35, 37]. 

All studies give solutions or directives for improv¬ 
ing water use efficiency at given scales, both for 
irrigated and rain-fed agriculture. It is generally 
acknowledged that considerable improvements can 
potentially be realized. Measures to alleviate water 
stress include increased recycling of industrial and 
domestic water, change of diets toward less-water¬ 
consuming foods and less meat, improve agricultural 
water productivity by reducing runoff, water 
harvesting, supplemental irrigation, and better main¬ 
tenance of irrigation systems; the latter measures spe¬ 
cifically increase the use efficiency of blue water. 

At the field scale, high water use efficiency (WUE) 
of crops can only be achieved if other factors (nutrient 
availability, incidence of pests and diseases, appropriate 
and timely management) are not limiting crop produc¬ 
tion to a larger extent than water. In that case, evapo¬ 
ration (unproductive water loss) is minimized and 
transpiration (productive water use) is maximized. 
Hence, optimal input use and soil management 
increase the efficiency of green (and blue) water use. 


In different regions of the world large variations in 
actual crop water use efficiency are reported resulting 
from variations in these factors [32]. Hence, in esti¬ 
mating opportunities for energy crops, the strong 
interaction between water, nutrients, and management 
has to be taken into account. In practice, crop 
production systems in a region, steered by local cli¬ 
matic, edaphic, economic, and social conditions, 
show large differences in input use and efficiency as 
compared to otherwise comparable systems in other 
regions. 

Climate change is very likely to change rainfall 
patterns while increasing temperatures will influence 
water transpiration and evaporation. The net effect is 
not easy to predict and will show large variations 
among different regions of the world. Especially, semi- 
arid and arid areas are expected to suffer from reduced 
water availability caused by a combination of increas¬ 
ing precipitation variability, increased water use by 
crops, and reduced groundwater recharge. Problems 
are further expected in river basins depending on gla¬ 
cier or snowmelt-fed rivers while sea-level rise may lead 
to increased salinization of groundwater and estuaries. 
While positive effects of climate change on freshwater 
systems will occur, on the whole, negative effects will 
outweigh the benefits. There are signs that the impact 
on irrigation systems may be very strong, generally 
limiting irrigation water potential. 
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Water stress indicators [37] 
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Conclusions Comparing the different analyses shows 
that problems are analyzed at a higher scale than the 
solutions formulated. The large variability in regional 
climate and hydrology asks for a detailed and local 
analysis of the biophysical possibilities for crop pro¬ 
duction. The studies analyzed show that conditions 
show large differences among different regions. In 
some regions abundant water availability provides 
ample opportunities for energy crop production, 
while water scarcity in other regions is seriously 
restricting any opportunity for energy crops. 

To determine water availability for energy crop 
production a basin scale seems most appropriate in 
order to assure that the interaction between upstream 
and downstream water availability and use is taken care 
of. A suggestion is to execute the following steps: 

• Estimate renewable water resources on the scale of 
a “river basin” area. 

• Determine how much water is required for food 
and feed crop production related to local produc¬ 
tion systems and regional developments and esti¬ 
mate future projections. 

• Estimate the environmental water requirements. 

• Verify the available land area for additional (energy) 
crop production. 

• Assess the regional and crop (type) specific water 
use efficiency of the energy crops to be cultivated. 

• Assess whether water availability or land area is 
a limiting factor for bioenergy production for dif¬ 
ferent parts of the river basin. 

This procedure favors a multi-scale approach taking 
into account the influence of local measures on the 
larger regional scale and vice versa. It does not require 
just straightforward aggregation but a more detailed 
analysis of relations to arrive at an optimal water dis¬ 
tribution. The local situation should be analyzed to 
assess the scope for energy production. However, to 
date, studies at this resolution have only been done 
incidentally, and global figures give a misleading 
picture. 

A rough estimate of available blue water for energy 
crops, based on global water flows, is 1,300-5,000 km , 
depending on the share required for EWR (50-20%). 
However, where this water is available and if it can 
really be used cannot be determined based on available 
studies. Future change in rainfall patterns will 


regionally have a large impact, especially in regions 
that are already water scarce. 

Food 

Technologically speaking, producing enough food for 
even ten billion people seems feasible [38]. In contrast, 
doing so without compromising sustainability - both 
by pollution and by resource depletion - will be 
a formidable challenge [39]. Currently, food produc¬ 
tion appropriates about 75% of the available freshwater 
and 35% of the global land area [40]. While the world 
population doubled during the second half of the 
twentieth century, in consequence of increasing 
incomes, its appetite for meat quadrupled, requiring 
40-50% of the world grain harvest to be fed to livestock 
[38]. Within the food domain, meat production has 
a disproportionate environmental impact [41] and, 
therefore, environmental impacts of food production 
are strongly coupled to actual diets. 

The key metric with regard to food demand is 
elusive. For example, in the Netherlands the food con¬ 
sumption is about 20% lower than the food production 
[42]. This difference can only be approximated, since 
the quality of FAO food supply data is poor. Further¬ 
more, food prices are hard to predict. 

The ideal study estimating food demand takes at 
least into consideration (1) world population, (2) eco¬ 
nomic aspects (including income and food prices), 
(3) production systems, and (4) diet characterization, 
in sufficient geographic and temporal detail. 

The principal food demand projections [43] 
address world population growth, diet changes 
(increased use of animal products), yield increases 
(including those due to use of GMOs), and economic 
aspects. Freshwater resources are taken into account, 
but biofuel production is not addressed. Projections are 
at a general, aggregate level and quite optimistic with 
regard to yield increases and the effects of climate 
change. In general, these studies seem to implicitly 
and explicitly favor further intensification of agricul¬ 
ture, without paying much attention to the potential of 
organic production. 

The real drawbacks of FAO data [43] are that it 
regards supply (production + imports - exports) per 
country, per commodity. That is not a very firm basis 
and, furthermore, everything after primary 
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production, such as food processing, transport, refrig¬ 
eration, etc., is lacking, and so is innovation in the latter 
part of the chain. 

Primary production systems underlying FAO pro¬ 
jections are described in sufficient detail. The majority 
of farming systems are small-scale operations, particu¬ 
larly in developing countries. Although an inventory of 
such production systems has been made available by 
the FAO and the World Bank [44], detailed projections 
of their development and future contributions to world 
food production are lacking altogether. The direction 
and rate of innovation of primary production is taken 
into account in the FAO projections, but evidently 
hard to model. Furthermore, availability of food is 
interrelated to other products, such as feed, fuel, and 
materials derived from crops and livestock, in a very 
complex way. 

In striving for sustainable food production and 
consumption, the protein chain is an excellent starting 
point [45-47], as on average, 6 kg of plant protein is 
required to yield 1 kg of meat protein [48, 49]. In 
theory, a promising solution may be offered by partial 
replacement of meat proteins with plant protein prod¬ 
ucts (so-called Novel Protein Foods, NPFs) in the 
human diet. It is estimated, conservatively, that - 
without putting a healthy nutrition in jeopardy - 
world meat supply could easily be cut by one third , 
that is, from 140% to 166% to 100%. Even then, the 
average protein consumption would be 20% over the 
RDI (recommended daily intake) and one third of 
protein consumption would still be derived from 
meat. Life cycle assessment showed that a partial tran¬ 
sition from animal to plant protein (abolishing feed 
production but keeping extensive livestock, i.e., feeding 
on grass and agricultural waste) might result in a three- 
to fourfold lower requirement of agricultural land and 
freshwater to start with. Moreover, worldwide there is 
potential for a 30-40-fold reduction in water use [41]. 
Several economic arguments [50, 51] indicate, how¬ 
ever, that actual practice may not be as straightforward 
as theory suggests, due to status and cultural trends. 

The principal food demand projections are those by 
the FAO, which are based on supply (production + 
imports - exports) per country, per commodity. They 
are the best available, but the descriptive data is crude 
and so are the projections based on them. The largest 
knowledge gap in the available models and data is 


probably in consumer preferences. Studies of diet 
change show that in addition to availability and 
price, status aspects and cultural trends play an impor¬ 
tant role. 

Biomass Demand for Energy 

In order to put the assessment of biomass potentials 
and their interrelations with other land-claiming func¬ 
tions into perspective, an assessment is also made of 
future energy demand development and the foreseen 
role of biomass therein. (Note that almost all of these 
demand-side models also need to make assumptions 
on availability and cost of biomass, in order to compare 
competitiveness of biomass and other supply options. 
As such, it is not possible to make a clear-cut distinc¬ 
tion between biomass supply and biomass demand 
assessments.) 

Earlier demand projections for primary biomass for 
production of transportation fuel were largely based on 
the World Energy Outlook (WEO) of the International 
Energy Agency of 2006 [52], with a relatively 
wide range of about 14-40 EJ of primary biomass, or 
8-25 EJ of fuel. However, higher estimates were also 
included, ranging between 45 and 85 EJ demand for 
primary biomass in 2030 (or roughly 30-50 EJ of fuel). 

Demand for biomass for heat and power was stated 
to be strongly influenced by (availability and introduc¬ 
tion of) competing technologies such as CCS, nuclear 
power, wind energy, solar heating, etc. The projected 
demand in 2030 for biomass would be around 28-43 EJ 
according to the data used in the 2007 IPCC report [2] . 
These estimates focus on electricity generation. Heat is 
not explicitly modeled or estimated in the World 
Energy Outlook, therefore underestimating total 
demand for biomass. 

Also potential future demand for biomass in indus¬ 
try (especially new uses as biochemicals, and also 
expansion of charcoal use for steel production) and 
the built environment (heating as well as increased 
use of biomass as building material) was highlighted 
as important, but no quantitative projections were 
included in potential demand for biomass on medium 
and longer term. 

The results of the review of studies with respect to 
bioenergy deployment under different scenarios as 
presented in the scenario study review of the IPCC 
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Biomass Resources, Worldwide. Figure 4 

The primary biomass utilization according to the scenario 
review the IPCC SRREN report, divided into projections for 
reference scenarios, scenarios that target 440-600 ppm, 
and scenarios that target 330-440 ppm. The colored bars 
represent the 25-75% quantiles of the obtained results. 
The dotted bars represent the full range of estimates 

Special Report on Renewable Energy [53] are summa¬ 
rized in Figs. 4 and 5. For medium term (2030), esti¬ 
mates for primary biomass use range (rounded) 
between 7 and 180 EJ for the full range of results 
obtained. The 25-75% quantiles deliver a range of 
30-117 EJ. This is combined with a total final energy 
delivered of 0-61 EJ. For 2050, these ranges amount for 
primary biomass supplies 10-305 EJ for the full range 
and 22-184 EJ for the 25-75% quantiles and 0-76 EJ 
(22-57 EJ for the 25-75% quantiles) for the final 
energy delivered. 

A first striking finding from this review is that the 
overall conversion efficiency from primary energy to 
final energy delivered appears to be 25% on average in 
2050. Final energy is not defined in those aggregate 
results and a breakdown of biomass use for power, 
heat, fuels, and materials is not available. Given that 
the technology portfolio on medium and longer term 
allows for conversion efficiencies of over 90% for 
CHP and over 60% for production of some biofuels, 
the final energy delivered seems therefore grossly 
underestimated in the scenario range considered. 

In the reference scenario of the WEO 2009 of the 
IEA [ 1 ], biomass is expected to contribute 66 EJ in 2030 


Biomass Resources, Worldwide. Figure 5 

The final energy delivered via biomass utilization according 
to the scenario review of the IPCC SRREN report, divided 
into projections for reference scenarios, scenarios that 
target 440-600 ppm, and scenario's that target 330- 
440 ppm. The colored bars represent the 25-75% quantiles 
of the obtained results. The dotted bars represent the full 
range of estimates 

(compared to 48 EJ in 2007). This includes traditional 
biomass use. Biofuels contribute 5% of world road 
transport energy demand; this is an almost fourfold 
increase compared to current production. Biomass 
for power increases from 259 TWh in 2007 (about 
1 EJ e ) to 839 TWh (about 3 EJ e ) in 2030, mostly from 
CHP, as well as co-firing. 

In the 450 ppm scenario, the contribution of bio¬ 
mass is projected to be 81 EJ, a 22% difference com¬ 
pared to the reference scenario. In addition it should be 
noted that in this scenario a decreased contribution of 
traditional biomass is assumed and the relative increase 
of modern bioenergy is larger than the 22% compared 
to modern biomass use in the reference scenario. Use of 
biomass in CHP and electricity only increases by 67% 
compared to the reference scenario. Biofuel production 
is more than doubled compared to the reference 
scenario. 

This is also confirmed by the results of the IEA 
Energy Technology Perspectives study of 2008 [54]. 
The analysis on biofuels projects a rapid penetration 
of second-generation biofuels after 2010 and an almost 
complete phase out of cereal- and corn-based ethanol 
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production and oilseed-based biodiesel after 2030. This 
was a sharp contrast to the World Energy Outlook 
studies of 2006 and 2007 [52, 55], where second- 
generation biofuels were excluded from the scenario 
analysis and thus biofuels at large played a marginal 
role in the projections for 2030. This is a clear example 
of the importance of high quality data on performance 
prospects (and thus learning potential and rates) of 
energy technologies and in general for such strategic 
studies. 

Agricultural Economics 

Economics occupies a special position in the study, 
because it integrates costs and values. Ideally, it shows 
“what the society wants.” An ideal economic study on 
food and bioenergy production takes into account the 
effects bioenergy use on prices, production, and mar¬ 
kets of all other crops. It compares the net-return of all 
possible crops which a farmer can grow. The compe¬ 
tition with other markets (food, feed) - determining 
the output prices of competing markets and crops - is 
decisive for the economic feasibility of biofuels. The 
ideal study is able to deal with the interaction between 
the agro markets worldwide. This is essential due to 
the fact that (a) bioenergy can be produced using 
by-products and (b) the production of bioenergy 
often leads to by-products. Moreover, the ideal study 
is able to deal with the competing claims of food, feed, 
and fuel on production factors in order to estimate 
a real economic feasible production of biomass 
for fuel. 

Agro-economic models that use the agro-economic 
principles described above have especially covered the 
possible price impacts of deployment of biofuels pro¬ 
duced from food crops, simply because the current 
CGE models are equipped for that. To date, no 
full macroeconomic (scenario) analysis exists that 
includes large-scale use of lignocellulosic resources, 
second-generation biofuels, power, heat, and 
(advanced) biomaterials. Therefore, no overall over¬ 
view of consequences and no overview of economic 
feasible production can be given yet. Furthermore, the 
economic studies which have been done yet focus on 
first-generation biofuels. The second-generation 
biofuels and the use of by-products is the second step 
in the economic models and not implemented yet. 


From the other studies found in the literature (i.e., 
based on the POLYSYS model from the University of 
Tennessee, the AGLINK model of the OECD, the 
Ethanol model from Iowa State University) it is clear 
that the discussions about the fuel sources need to take 
into consideration impacts on the world agricultural 
markets. 

The driving forces behind agro-production are: 
demography, global change, political administrative 
regime, macroeconomics, agro-technology, and 
changes in value in society, consumer concerns, and 
behavior. In studies conducted by the FAPRI, OECD, 
and EU the link with the most relevant data sources 
(FAO, OECD, and EUROSTAT) have been made 
[56, 57]. It should be noted that those driving forces 
are influenced by many dynamic developments world¬ 
wide. This requires scenario analyses as is used in most 
economic studies. 

The agro-economic studies that have been carried 
out often deal with agricultural land and do not take 
into account forestry land. They also do not deal with 
second-generation biofuels. The studies carried out 
illustrate the necessity of including competition and 
interactions between agricultural markets. The produc¬ 
tion of biofuels affects prices of feed and food. Those 
effects have to be taken into account in order to present 
a realistic picture of available biomass for biofuel. 
These effects are also relevant to assess the social sus¬ 
tainability of bioenergy, especially the effects on 
regional incomes and food security. 

Methods used to estimate the global land-use 
impacts of bioenergy utilization are under continuous 
development to address discovered weaknesses. Field 
measurements and model validation are needed to 
reduce uncertainties of analyses and models [58]. 
Existing methods for determining ILUC (often 
grouped with LUC) can be divided into two methods 
employing macroeconomic/econometric and/or bio¬ 
physical models and deterministic methods allocating 
global land-use change to respective fuels/feedstocks 
grown in a few specified land types [59]. If specified 
land types were altered or key types absent, different 
carbon stock values (above and below ground) would 
be obtained over time [60]. Various studies use a com¬ 
bination of macroeconomic/econometric models and/ 
or biophysical models/data. Some government studies 
implement policies to encourage the increased use of 
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biofuels that can be shown to achieve GHG reductions 
as measured through direct and indirect impacts. One 
case uses absolute values of carbon intensity (CARB) 
while others set GHG emissions reductions thresholds 
relative to fossil fuels. 

Implementation of the use of these modeling sys¬ 
tems generally proceeds in two phases. Global land-use 
change as derived from scenarios with and without 
policy-induced increases in bioenergy use is calculated. 
Then the impacts of ILUC are attributed to the appro¬ 
priate fuel/feedstock as linked to via the economic 
system. Macroeconomic/econometric models com¬ 
bined with biophysical models/data are complex and 
resource intensive; they can be viewed as lacking trans¬ 
parency to non-modelers. Two studies utilizing these 
methodologies have conducted significant uncertainty 
analysis [61, 62]. 

The recently released EPA results (2010) resulted 
from a series of peer reviews and comments on initial 
modeling data (a similar review process is underway 
with CARB for ILUC determinations) [63]. Among 
improvements EPA updated the Brazilian land-use 
data, considering information provided by the 
Brazilian Land Use Model [64] combining remote sens¬ 
ing data, field data, and micro-regional modeling for 
inputs into a partial equilibrium model (FAPRI). With 
this inclusion, changes in the elasticities of multiple 
crops across several land types were obtained for 
a series of larger regions for a more detailed picture of 
the dynamics of land use within Brazil. The major land- 
use change has been pasture intensification with use of 
degraded pastureland for biofuels derived from soya 
and sugarcane; also occurring are crop substitutions in 
the Cerrado and other regions [64]. Earlier modeling 
exploring the land-use consequences of increased use 
of US corn for ethanol production used lower spatial 
resolution and did not include pastureland among land 
types covered, resulting in the conversion of forests to 
cropland for food and fuel production [65]. LUC esti¬ 
mates vary depending on model and scenario assump¬ 
tions. Corn LUC results are converging with 
improvements in the models and their input data. 
Initial dynamic results are shown in EPAs results. 

This method assumes that additional biomass 
production will inherently lead to an increase in 
land-use change, perform a calculation of total LUC 
impact using census/spatial data/measurements, 


and then allocate ILUC impacts among energy 
feedstocks/fuels. ILUC can be divided over a 
period and converted to various functional units to 
determine the impact of a feedstock or fuel on 
ILUC. Example approaches are reported in [66, 67]. 
The benefits of these deterministic methods are that 
they are simpler and more transparent to potential 
users. These methods are less resource intensive, but 
the simplified methodology might lead to the loss of 
important details of geographic scope and currently 
lack dynamic capabilities. 

The assessment of available literature showed that 
initial models were lacking in geographic resolution 
leading to higher proportions of assignments of land 
use to deforestation than necessary as the models did 
not have other kinds of lands such as pastures in 
Brazil that could be used. First an ILUC factor of 1 
(losing 1 ha of forest land for each hectare of land 
used for bioenergy) has been claimed [65]. Later 
macroeconomics coupled to biophysical model studies 
tuned that down to 0.3-0.15 and more detailed evalu¬ 
ations (e.g., [68, 69]) suggest that any ILUC effect 
strongly (up to fully) depends on the rate of improve¬ 
ment in agricultural and livestock management and the 
rate of deployment of bioenergy production. This 
balance in development is also the basis for the recent 
European biomass resource potential analysis, for 
which expected gradual productivity increments in 
agriculture are the basis for possible land availability 
[70, 71] and that take avoidance of competition 
with food (or nature) as a starting point. Increased 
model sophistication to adapt to the complex type of 
analysis required and improved data on the actual 
dynamics of land distribution in the major biofuel- 
producing countries is now producing results that are 
converging to lower overall land-use change impacts 
and acknowledgement that land-use management at 
large is key. 

Integration of the Findings 

In the first part of this entry, existing literature on 
bioenergy potentials and consequences of bioenergy 
use for issues such as biodiversity, food prices, and 
water use were assessed. This assessment not only pro¬ 
vided information on these issues, but also showed key 
uncertainties. Many of these uncertainties originate from 
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the fact that existing studies have only partly dealt with 
the linkages between bioenergy use and other issues. For 
instance, none of the studies on potential for bioenergy 
considered potential impacts on water use. 

An important reason for the conclusion that 
studies mostly look only at a part of the relevant issues 
is that the relationships between these issues are 
complex and therefore cannot be captured in detail 
by a single study or model. In this context, Fig. 6 
highlights some of the key relationships and assump¬ 
tions that could determine an overall assessment of 
bioenergy (in blue). 

In this entry, some insights are provided into the 
impacts of more integrated considerations by 
performing some sensitivity analysis using existing 
models. The aim of these analyses is not to provide 
quantitative answers, but instead to assess the possible 
impacts of some key uncertainties (selected on the basis 
that they could be analyzed within the scope of this 
assessment). 


The analysis concentrates on the following main 
issues: 

1. The role of bioenergy use in energy models; in 
particular to identify which factors can limit pene¬ 
tration of bioenergy (potential for bioenergy, long¬ 
term cost-supply curve, energy use in specific sec¬ 
tors); and the sensitivity of bioenergy potential 
estimates to issues such as uncertain development 
of agriculture technologies, land use, water scarcity, 
land degradation, and nature reserves 

2. Key uncertainties in assessing biodiversity losses as 
a result of land conversion for bioenergy 

3. The economic link between food, feed, and fuel 

Impacts of Key Uncertainties 

In the inventory part, it has been looked into various 
estimates for potentials for bioenergy - one of them by 
Hoogwijk [4, 13]. Compared to others the estimates of 



Biomass Resources, Worldwide. Figure 6 

Overview of some key relationships and assumptions relevant to assess potential bioenergy supply. The figure is only 
meant as an indication (e.g., other relationships also exist and scientific disciplines may order to information 
differently) [25] 
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Biomass Resources, Worldwide. Figure 7 

Methodology of assessing bioenergy potentials 

Hoogwijk are relatively elaborate - but do not consider 
issues such as water scarcity or greenhouse gas impacts. 
In that context, the methodology of Hoogwijk is implied 
but some sensitivity analysis to estimate the potential 
impacts of alternative assumptions are included. 

Hoogwijk s method is indicated in Fig. 7. First, 
suitable areas for bioenergy are identified on the basis 
of land-use scenarios that do not include bioenergy. In 
the calculations all areas required for food production 
are excluded. On the remaining areas (1) a land-specific 
exclusion factor (between 0% and 100%), (2) the rain- 
fed potential energy crop productivity (depending on 
crop, soil, and climate), and (3) the assumed state of 
agricultural management (% of potential production) 
determine the potential. In the calculation presented 
here, the exclusion factor for forests and nature reserves 
is 100%, and 50% for natural grassland ecosystems 
(e.g., steppe, savannah, and grasslands). The total 
potential is equal to the sum of all areas. 

The potential for bioenergy determined thus con¬ 
centrates on two areas: 

• Abandoned agriculture land (in the short term 
mainly in developed regions; but later on also in 
some developing regions) 

• Natural grass ecosystems (an exclusion factor of 
50% is used here, leading to an expansion of total 
arable area, but outside forest) 

Finally, also areas with a very low potential yield (part 
of tundra and desert ecosystems) are excluded. 

Below, the Hoogwijk method is applied and the 
following uncertainties are analyzed: 

• Different scenarios 

• Different crops and land areas 


• Water scarcity 

• Land degradation 

• Nature reserves 

Many global land-use scenarios show potential land 
abandonment in parts of the world (e.g., the 
Millennium Ecosystem Assessment, several scenarios 
assessed in the recent IPCC AR4 report, the IPCC 
SRES scenarios). Nevertheless, from an economic per¬ 
spective this feature is sometimes questioned as lower 
land prices would slow down the incentive for agricul¬ 
tural yield improvement. The scenario taken here as 
central case does have the feature of land 
abandonment. 

Finally, in Hoogwijk’s original application nature 
reserves existing in 2000 were excluded from potential 
biomass production. Here, to explicitly analyze the 
influence of biodiversity restrictions this assumption 
has only been added in the discussion on nature 
reserves. 

Different Scenarios The analysis of Hoogwijk con¬ 
centrated on the geographic and economic potential of 
woody biofuels - using the IMAGE implementation of 
the IPCC SRES scenarios as a basis. Given new insights 
into possible future changes, here instead the reference 
scenario of the Netherlands Sustainability Outlook and 
the OECD Environmental Outlook (DV-2 or OECD 
baseline) [57] is used. (The reference scenario of the 
DV-2 is based on work that has been performed jointly 
by the OECD and MNP, and also forms the reference 
scenario of the OECD Environmental Outlook [57].) 
This scenario should be regarded as a “medium- 
development” type of scenario (in terms of population 
and economic change, but also agricultural 
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productivity change). GDP per capita grows globally by 
about 2% per year, while the global population reaches 
a level of 9.4 billion people in 2050. Changes in agri¬ 
cultural yield and consumption patterns are based on 
the FAO projections [72]. The resulting agricultural 
land worldwide (including extensive grassland) 
increases from 4.9 Gha in 2000 to 5.5 Gha in 2050 
(excluding extensive grassland; these numbers are 3.8 
and 4.4 Gha). The extension of agriculture land occurs 
almost exclusively in developing countries, while land 
use in OECD countries remains more or less stable. 
Compared to the IPCC scenarios, in terms of most 
assumptions, the scenario lies in between the Alb 
(high economic growth) and B2 (medium assump¬ 
tions) scenarios. Scenario-related assumptions (such 
as for population growth, food demand, agricultural 
trade, and technology change [6, 13]) are very impor¬ 
tant for the potential for bioenergy. 

The potential as calculated using the methodology 
indicated in Fig. 8 on the basis of the OECD-baseline 
scenario in 2050 is around 200 EJ. (In other words, the 
total area of abandoned agricultural area and natural 
grass ecosystems, taking into account the 50% exclu¬ 
sion factor, could produce 200 EJ of primary 
bioenergy). Using the land-use patterns of the IPCC 
SRES scenarios (but keeping other factors, such as 
assumed bioenergy yields and land-claim exclusion 
factors the same as under the OECD-baseline scenario) 
would lead a range from 120 to over 325 EJ (with low 
potentials in A2 as a result of a high population growth, 


low yields, and little trade; and high potentials in A1 
and B1 as a result of low population growth and rapid 
yield change). 

An important factor in these calculations is the 
assumed changes in yields. This is also shown in 
Fig. 8 by indicating the two alternative cases that look 
into a more compact agriculture compared to the 
OECD-baseline (DV-2) scenario (and thus higher 
yields). In the first, agricultural yields are improved 
for all crops and regions by 12.5% compared to the 
base case. The value of an additional increase of 12.5% 
is equal to half the suggested improvement potential 
compared to baseline in the International Assessment 
of Agriculture Science and Technology Development 
(IAASTD). The second scenario of more compact agri¬ 
culture applies the same convergence in agriculture 
yields worldwide as in the A1 scenario, that is, bringing 
2050 technology levels in developing countries close to 
current Western European levels - while keeping the 
baseline improvement for developed countries. Both 
cases lead to a considerable increase in potential com¬ 
pared to the OECD-baseline scenario: 40% for the first 
case and about 65% for the second. In other words, 
assumed yield changes for agriculture in general criti¬ 
cally determine the potential for bioenergy. Assuming 
a more compact agriculture could possibly lead to 
about 300 EJ of primary woody bioenergy in 2050. It 
should be noted, however, that yield improvement 
could obviously also be slower than our base case 
assumptions. Furthermore, these calculations are 
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Biomass Resources, Worldwide. Figure 8 

Potential for primary woody bioenergy (not including residues) and using different scenario assumptions 
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single-factor variations: the changes in yields discussed 
here are likely to impact land and food prices, and 
could therefore lead to indirect effects. 

Obviously, the yield increases for biofuel crops also 
are uncertain. The assumed increase in the base case is 
based on yield estimates by [ 13] and strongly varies per 
region (as 2000 yields are very different for different 
regions). Globally, these values lead to a 100% 
improvement for woody biofuels (assuming a low 
2000 starting value). Assuming an additional improve¬ 
ment in yields of 12.5% (now without improving 
the yields of other crops above the baseline) leads 
to an increase of total potential compared to the 
OECD-baseline scenario by 12.5%. This implies that 
in general the yield increases for food crops have 
a stronger impact on bioenergy potentials than the 
yield increases for bioenergy crops specifically. 

Different Crops and Land Areas In addition to 
woody bioenergy, also other crops are already applied 
as feedstock for bioenergy. Woody bioenergy can be 
applied as feedstock into electricity and heat power 
plants and as feedstock for biofuels. Other, more con¬ 
ventional agriculture crops, such as sugar, maize, oil 
crops, and cereals, can also be converted into ethanol or 
biodiesel. Finally, agricultural residues also can be used. 

Here, only the (primary) potential for woody crops 
and sugar is estimated, shown in Fig. 9 on both 



abandoned agriculture land and natural grassland. 
The potential on abandoned agriculture land increases 
over time - with more abandoned land becoming 
available. The potential on natural grassland is mainly 
a function of yields as the area of natural grassland is 
more constant. Worldwide, the potential for woody 
and sugar bioenergy is considerable. Sugar has very 
high yields in developing regions. The type of fuel 
chosen does obviously depend strongly on relative 
prices of crops, animal feed and food. In most cases, 
woody biofuel seem to become the most dominant 
feedstock worldwide of the two options evaluated here. 

Water Scarcity All calculations on bioenergy poten¬ 
tial have been carried out assuming rain-fed produc¬ 
tion conditions. This can be regarded as an 
underestimation given the fact that irrigation could 
increase yields. However, IMAGE calculations do not 
take into account that other sectors than agriculture 
may also use (the same) water resources. In order to 
assess the potential impact of water scarcity on 
bioenergy potentials, here a map of the water stress 
indicator is used as calculated by the University of 
Kassel using the WaterGap model [34] on the basis of 
the same scenario as used for the bioenergy calculations 
(thus based on the same socioeconomic, land-use, and 
energy scenario). The water stress indicator is defined 
as the total actual water withdrawals as proportion of 



Biomass Resources, Worldwide. Figure 9 

Potential for primary bioenergy on different crops and land types in the OECD-baseline (DV-2) scenario (potential cannot 
be added, as the same grid cell might be used for both the sugar and woody bioenergy potential). Natural grassland 
comprises natural ecosystems that would be converted into agricultural land [24] 
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the maximum available runoff minus environmental 
water requirements. Values of this index of 0.2 and 
higher is defined as modest water scarcity, while values 
above 0.4 are defined as severe water scarcity [37]. 
Some authors have earlier tried to assess the impacts 
of water scarcity on bioenergy potential, showing that 
while impacts are not dramatic on a global scale, on 
a more local scale water scarcity may clearly limit 
bioenergy potential. 

To assess the possible impact, here a simple overlay 
is made between the bioenergy map with the water 
stress indicator maps of the Water Gap model. This 
overlay suggests that about 15% of the total potential 
for bioenergy is in severe water-scarce areas (and might 
therefore be excluded), and another additional 5% in 
modest water scarcity areas (Figs. 10 and 11). It should 
be noted that to fully analyze the potential impacts of 


bioenergy on water scarcity, a better approach would be 
to calculate the water demand of potential bioenergy 
areas (using the water demand factors discussed in the 
integration analysis) and evaluate the impact of 
increased water demand at grid or watershed level. 

Land Degradation Degraded areas form an impor¬ 
tant topic in the discussion on bioenergy for two 
reasons: 

• First, while abandoned agriculture areas are men¬ 
tioned as a source for land for bioenergy, some of 
these areas are likely to suffer from land degrada¬ 
tion. In fact, dependent on the degree of the degra¬ 
dation the soil might lose its function for biomass 
production or its function as substrate for natural 
vegetation. Reclamation of degraded soils into 
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Maps of potential for woody bioenergy production in 2050, land degradation (map from the GLASOD database), 
protected areas (Sustainability First scenario GEOIV) and the water stress index (WaterGap results for 2050) as used in 
the analysis 



592 


Biomass Resources, Worldwide 


200 


—3 

LU 


^ 150 

CD 

CD 

C 

(D 

■ 5,100 

"D 

O 

O 

£ 

cc 50 
E 

□I 


0 

Water 

scarcity 



- 

Index > 0.4 


Index > 0.2 

- 

Index < 0.2 

1 



Land 

degredation 



Bioreserves 


Reserve, 
degraded 
water scarce 


Mildly degr. 
or water 
scarce 


No 

classification 


1 

Total 


Biomass Resources, Worldwide. Figure 11 

Impacts of sensitivity analysis on 2050 potential for woody biofuels [24] 


suitable land for production or into natural vegeta¬ 
tion can be difficult. 

• For less severely degraded areas, some people argue 
that by using these areas extensively (for bioenergy 
production), it is possible to enhance soil recovery. 
In this case, these areas would be prime expansion 
areas with little biodiversity impact as original veg¬ 
etation cannot automatically recover. Whether this 
is actually possible needs to be looked into further, 
but using degraded land for production might need 
considerable inputs and investments, while it also 
might lead to benefits in view of recovery, biodiver¬ 
sity, and biomass production. 

The IMAGE model does not model land degradation. 
In order to make a rough estimate of the impact of 
degraded land use on biomass potentials here, data 
from the GLASOD database have been used. The 
GLASOD database has classified land worldwide in 
terms of soil degradation. Two main criteria were 
used: the severity of degradation (category 1-4) and 
degree of degradation (0-100%). Next, these two axes 
for various degradation types have been combined into 
one final score again going from cat.l to cat. 4. (Light 
degradation of soils means that there is a somewhat 
reduced productivity of the terrain and moderate deg¬ 
radation of soils requires major improvements often 
beyond the means of the local farmers. Strongly 


degraded soils are not reclaimable at farm level for 
food production and are virtually lost. Extremely 
degraded soils are considered irreclaimable and beyond 
restoration. The strongly and extremely degraded soils 
together cover about 300 million hectares. The total 
area of degraded soils is about 1964 million hectares, 
which is about 15% of the total land surface. The four 
main types of soil degradation, in order of importance, 
are water erosion (56%), wind erosion (38%), chemical 
deterioration (12%), and physical deterioration (4%). 
The degradation is in almost all cases human induced.) 
Using the GLASOD maps of soil degradation, three 
categories of degradation are distinguished: no-to- 
minor degradation (GLASOD cat. 1-2), serious degra¬ 
dation (GLASOD cat. 3), and severe degradation 
(GLASOD cat. 4). The last category is too severely 
degraded to include in bioenergy potentials because it 
will not be feasible in practice due to high costs, while 
the second category could potentially include useful 
areas to target to combine soil restoration and 
bioenergy production. As much more analysis is 
required to assess whether such combination is possi¬ 
ble, the overlay made here should be regarded as indic¬ 
ative. No assumptions have been made on lower yields 
and/or higher costs of exploitation. 

The results show that biomass potentials would 
be about 8% higher in the OECD-baseline scenario 
(DV-2) if severely degraded land areas could be used. 
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Another 22% could be gained in modestly degraded 
areas. 

Nature Reserves Another important relationship 
exists between conservation of biodiversity and 
bioenergy use. It should be noted that already in all 
calculations so far, forest areas and 50% of natural 
grasslands (implemented for each grid cell) have 
excluded for reasons of biodiversity conservation. 
However, still bioenergy use could lead to a reduction 
of biodiversity (converting natural grass land to 
bioenergy crop area for instance). In order to provide 
some insight into the impact of further biodiversity 
restrictions on bioenergy potential, maps have been 
used of (1) nature reserves in the year 2000 and 
(2) areas designated to become nature reserves under 
the Sustainability First scenario of the Global Environ¬ 
mental Outlook of UNEP (it should be noted that in 
the original work of Hoogwijk and other IMAGE appli¬ 
cations, nature reserves existing in 2000 are mostly 
already excluded from estimates on bioenergy 
potential). Under the Sustainability First scenario, 
most of the biodiversity hot spots are brought under 


protection - while the scenario also aims to protect 
sufficient areas of different eco-regions. Impact on 
bioenergy potential is considerable. Excluding reserve 
areas in 2000 reduces the total bioenergy potential by 
around 10% - while excluding the (very ambitious) 
expansion of reserves by 2050 would reduce the poten¬ 
tial by another 15%. In total, this may lead to 
a reduction of bioenergy potential by 25%. 

All Factors Together In Fig. 11 , the combined impact 
of protected areas, degraded land, and water availabil¬ 
ity in sensitivity analysis (last column) is shown. 
As indicated, a considerable part of the original poten¬ 
tial either in severely water-scarce areas, in areas with 
severe land degradation, or in potential nature reserve 
areas. This part of the potential, that is, 40%, may be 
considered as not available. A second category is either 
found on soils with mild degradation or in areas with 
mild water stress. The question whether this part of the 
total potential (20%) can be used (or even maybe an 
attractive area to use, see soil degradation) remains open. 

Figure 12 summarizes the findings of the analysis in 
a different way by showing the 2020 and 2050 total 
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Biomass Resources, Worldwide. Figure 12 

Potential for bioenergy, primary and secondary. Inclusive refers to the original estimates not accounting for restrictions 
discussed in the previous sections (i.e., soils with degradation or water stress). The exclusive potential does exclude 
severely degraded soils, areas under severe water stress, and nature reserves. The potential for secondary energy takes 
into account the conversion from primary energy into secondary energy carriers (fuels and electricity). Note that the 
potential for biofuels and electric power cannot be added as they refer to the same area [24] 
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potential for biofuels and electric power using a crop 
mix that leads to maximal potentials for the production 
of biofuels or electric power. Results are given in terms 
of primary (before conversion) and secondary energy 
content after conversion: the actual energy produced in 
the form of biofuels or electric power. In each case, the 
first column indicates the most optimistic estimate for 
potential assessed here assuming the compact agricul¬ 
ture case and the 12.5% increase in yields for bioenergy 
crops. The second column shows the potential under the 
default OECD-baseline (DV-2) scenario case and finally 
the third column provides an indication of the potential 
after conversion. For each column, the white area indi¬ 
cates the part of the potential that might be excluded as 
it is either (1) severely degraded, (2) under severe water 
stress, or (3) potential nature reserve, while the green 
area indicates the remaining potential (for the individual 
impact of these factors see Fig. 11). The total potential 
for biofuels slightly exceeds that of electric power as 
here in some cases more productive crops are used 
(sugar; selection on lowest production costs). 

For the OECD-baseline scenario, the remaining 
primary potential for bioenergy varies in 2020 some¬ 
where around 70-100 EJ (for power and transport) and 
in 2050 somewhere around 100-175 EJ. Using more 
optimistic assumptions for development of agricultural 
yields, these numbers change into around 75-125 EJ in 
2020 and around 200-275 EJ in 2050. 

Obviously, the potential for bioenergy is pretty 
meaningless without an assessment of the associated 
production costs. On the basis of additional assump¬ 
tions on capital and labor costs for production and 
conversion of bioenergy and transport costs, it is also 
possible to estimate the cost curves for both biofuels 
and (bio)electric power [4, 73]. The formula (a Cobb- 
Douglas production function) are here applied at the 
grid level - calculating production costs as a function of 
GDP per capita (as proxy of labor costs), capital inputs, 
and yields [4]. Both yields and GDP are assumed to 
improve with time (consistent with the scenario 
discussed so far). The curves move out over time (as 
potential increases) and tend to move along the y-axis. 
The latter shows both an increase (as a result of labor 
costs increase) on the low side and a decline (as a result 
of technology progress on costs) on the high side. The 
curves assessed on the basis of the information 
presented here are shown in Fig. 13. It should be 
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Cost curves for biofuels following from the modeling based 

analysis [24] 


noted that adoption of bioenergy in the energy system 
will not be based on primary bioenergy costs (as cal¬ 
culated here) but on the basis of the costs of different 
fuel types. The cost of conversion is often more dom¬ 
inant in this. 

Biodiversity Consequences 

From a biodiversity point of view (as expressed in CBD 
and IPCC goals), the effects of growing bioenergy crops 
are the response to several (global) environmental 
developments. On the short term, land-use dynamics 
are dominant, while on the long term the contribution 
to reducing climate change becomes important. 
Assessing both opposite effects of bioenergy is 
surrounded with considerable uncertainty, and is 
influenced by many other modeling exercises that are 
involved. For instance, projecting climate change 
will set the required mitigation efforts, while estimating 
the biomass potential in mitigation will determine 
land use. 

A complete sensitivity and uncertainty assessment 
should ideally consider: uncertainty in definitions 
(using different indicators), data uncertainty (land- 
use data), model parameter uncertainty (responses of 
climate change and other pressures), conceptual model 
uncertainty, and scenario assumptions. Only a few 
sources of uncertainty could be investigated, and are 
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presented as first-order estimates of possible effects of 
scenario choices and model sensitivities. 

The OECD scenario for the Environmental Out¬ 
look [57] serves as a background for this exercise. In 
the OECD-baseline scenario, biodiversity declines by 
11% between 2000 and 2050 (expressed in MSA). 
For an ambitious 450 ppm option for climate change 
mitigation, large-scale bioenergy production is 
implemented with mainly woody biofuels. For this, 
1.8 million square kilometers of abandoned agricul¬ 
tural land is used, and a further 3 million square 
kilometers of extensively used grasslands (considered 
having a seminatural character) are converted. Com¬ 
pared to the baseline, the total biodiversity decline in 
the option is 1% less (relative difference of 10%). 

Local Biodiversity of Different Crops Important for 
the local biodiversity of production areas are the spe¬ 
cific crop types used, and the type of land allocated for 
biofuel production. Three different hypothetical cases 
can be compared: using converted natural areas, using 
abandoned agricultural areas, or using agricultural 
areas. The resulting differences of several percentages 
at most are relevant compared to the complete 
450 ppm option effect of ±1%. 

1. Growing bioenergy crops on natural areas 
(converted forests and natural grasslands) will lead 
to large biodiversity losses. Agricultural crops lead 
to a loss of —3.1%, woody biofuels to —2.7%, and 
agroforestry systems to —1.8%. 

2. Using abandoned areas will lead to lower local 
biodiversity losses. Here it is assumed that these 
areas would otherwise be used for nature restora¬ 
tion (leading to partially recovered nature in 2050). 
Using these abandoned areas will then lead to losses 
of —1.3% for agricultural bioenergy crops, —0.9% 
for woody biofuels, and no net loss for agroforestry. 
In the OECD climate change option, a large part of 
bioenergy production is allocated on extensively 
used seminatural grasslands. These grasslands may 
contain valuable biodiversity, as is the case for 
European High Nature Value farmlands (mostly 
grasslands) that are important for conserving 
agro-biodiversity. Temperate grasslands present 
a category that is underrepresented and falls short 
of the 10% target for global Protected Areas [74]. 


More knowledge on the global extent and biodiver¬ 
sity status of extensive grasslands and their attrac¬ 
tiveness for biofuel production is needed to better 
assess this subject. 

3. Agricultural areas contain a relatively low local 
(residual) biodiversity. Replacing these crops with 
woody biofuels leads to a local biodiversity increase 
of +0.5%, and using mixed land-use systems (agro¬ 
forestry) leads to an increase of +1.4%. However, 
this local biodiversity effect neglects the possible 
shift in production area for food production. The 
total effects of land-use dynamics on a global level 
will therefore be different. 

The mean MSA values for different land-use categories 
are sufficiently known for application in global land- 
use assessment, but there is considerable variation in 
values between individual studies. These can be the 
result of, for instance, different time scales (years after 
conversion), landscape structure, and specific manage¬ 
ment. A further analysis on these sources of variation 
can possibly give insights into (local) practices that are 
favorable for combining biodiversity and human use at 
local scales. 

For these exercises, a constant area for bioenergy 
production is taken for comparative reasons. This 
leaves the specific contribution of crops to reducing 
atmospheric carbon out of consideration that will 
determine the required area for the different crops. 
Further, when agricultural and abandoned areas are 
used, shifts in food production regions can be expected 
and consequently further biodiversity losses. The 
exact effect of different crops and allocation can only 
be investigated by global and integral modeling 
exercises. 

Uncertainty in the Climate Change Response Dif¬ 
ferent model concepts and indicators may give differ¬ 
ent results for future effects of climate change on 
biodiversity. For instance, the MSA indicator presents 
changes in local species abundance. Other often-used 
indicators focus on the risk of ultimate species extinc¬ 
tion [75]. Different outcomes will not easily converge 
with more research, but must be seen as complemen¬ 
tary information on the complexity of the biodiversity 
issue, and the mechanisms underlying biodiversity 
change. 
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The GLOBIO implementation of stable areas with 
suitable environmental conditions shows relatively 
little variation in the calculated parameters. More 
variation can be found in different climate models 
that give future environmental conditions, and in 
the sensitivity of the climate system to rising atmo¬ 
spheric C0 2 -eq concentrations. With extreme values 
for climate sensitivity and assuming linear responses of 
biodiversity, a biodiversity response from —1.8% 
to —4.5% is estimated. This range in values is 
comparable to the values found for the different crop 
types and land allocation. 

In integral models, several different global develop¬ 
ments take place simultaneously. This makes it hard to 
exactly assess the effect of biofuels alone and the factors 
that may tip the balance between losses and gains. The 
bioenergy effects can be better assessed by 
implementing hypothetical scenarios, varying the 
implementation of biofuels only. Assuming linear 
responses between emission reductions and biodiver¬ 
sity effects, a first exercise shows that the total balance 
between land-use changes and climate change effects 
will probably be negative (total effect of —0.8% to 
— 1.4%). In the 450 ppm options, the reduced climate 
change effects are the result of a complete package of 
mitigation measures, while woody biofuels are respon¬ 
sible for about a third of the effect. 

Including Species Richness in the MSA Indicator 

An important characteristic of the MSA approach is 
the integration of different impacts in one and the same 
indicator, and the possibility to aggregate the biodiver¬ 
sity values over countries and regions. This allows 
comparing and balancing different pressures and time 
scales. As a consequence of this approach, MSA is not 
sensitive to all aspects of biodiversity. It is not sensitive 
to the species richness of different biomes, and all 
different ecosystem types (whether species rich or 
poor) are treated equally. 

To explore the possibilities of including species 
richness in the indicator, the weighing was 
complemented by species weighing. This was done by 
using species richness numbers compiled for each dis¬ 
tinguished eco-region (64 in total [76]). The species 
weighted MSA accentuates species-rich regions, such as 
Latin America, Africa, and parts of Asia. The global 
biodiversity decline for the OECD baseline is now 


somewhat larger ( — 1%). However, the same happens 
in the 450 ppm option, and the net result hardly differs 
from the usual MSA. 

Conclusions With the presented and discussed 
sources of uncertainties and assumptions, a limited 
range of sensitivities was presented for the IMAGE- 
GLOBIO approach for assessing biofuel effects. 

Ultimately, the effects are determined by the bal¬ 
ance between land-use changes and climate change 
effects. Specific used crop types and land-use dynamics 
exert an important influence on this net outcome. 
Using still natural areas obviously leads to the highest 
losses, while using abandoned lands might reduce this 
loss. Using agricultural areas gives the lowest local 
impacts, but neglects shifts to other food production 
regions. The most important scenario uncertainty lies 
in the assumptions on agricultural land use versus 
abandoned and converted land use. Biodiversity 
responses to climate change remains a subject for fur¬ 
ther investigation, but will undoubtedly give different 
results, depending on the models and concepts used. 

The exact conditions under which abandoned areas 
will be available for biofuel production remain a matter 
of discussion. Trade and cost mechanisms usually 
determine the regional allocation of abandoned and 
natural areas. As such, land abandonment is indepen¬ 
dent from biofuel production, stimulated by liberaliza¬ 
tion and differences in regional production costs. But 
bioenergy production can also be considered as 
a stimulating factor through land competition. 

Making a balance between global land-use changes 
and climate responses must be done by integral model¬ 
ing, as the specific crop potentials determine the 
required area for biofuels and the contribution to 
reduced atmospheric C0 2 concentrations. Including 
both elements (land-use changes and C0 2 reduction) 
in one life-cycle-analysis type of indicator may prove 
useful to summarize the balance. A first estimation of 
this net biofuel effects, separated from other scenario 
developments, indicates that the biodiversity loss 
through land-use change is larger than the reduced 
climate change effects, brought about by bioenergy 
production alone. 

It can be concluded that for biodiversity consider¬ 
able scientific uncertainty exists due to ongoing debate 
on methodologies on how to quantify biodiversity 



Biomass Resources, Worldwide 


597 


impacts in general. Clearly, large-scale monocultures 
that would go at the expense of nature areas are detri¬ 
mental for biodiversity (e.g., highlighted in [30]). 
However, as discussed, bioenergy can also lead to pos¬ 
itive effects such as the environmental benefits that can 
be derived from integrating different perennial grasses 
and woody crops into agricultural landscapes, includ¬ 
ing enhanced biodiversity, soil carbon increase and 
improved soil productivity, reduced shallow landslides 
and local “flash floods,” reduced wind and water ero¬ 
sion, and reduced volume of sediment and nutrients 
transported into river systems. Forest residue 
harvesting improves forest site conditions for 
replanting and thinning generally improves the growth 
and productivity of the remaining stand. Removal of 
biomass from over dense stands can reduce wildfire 
risk. Again, biomass production and its specific loca¬ 
tion, level of land-use planning and zoning, and effec¬ 
tive environmental impact and management systems 
can lead to low-impact biomass production systems. 
This is also an area that deserves considerably more 
research, data collection, and proper monitoring, as 
exemplified by ongoing activities of governments and 
roundtables in case or pilot studies [77-79]. 

The Economic Link Between Food, Feed, and Fuel 

Worldwide production of biofuels is rapidly growing. 
Worldwide production of ethanol tripled from 
20 billion liters to 50 billion liters (Fig. 14) and world 


biodiesel production has grown from 200 million gal¬ 
lons to almost 1,000 million gallons in the period 2001- 
2005. In the European Union in 2004, about 0.4% of 
the EU cereal and 0.8% of the EU sugar beet production 
was used for bio-ethanol, and more than 20% of oilseed 
production was processed into bio-diesel. The 
growth rate over the previous 2 years (2002-2004) 
was 27% and 70% for bio-ethanol and bio-diesel, 
respectively [81]. 

The production of biofuels started after the high oil 
prices in the 1970s which were due to supply restric¬ 
tions by the OPEC cartel (Fig. 14). High oil prices 
induced innovations that saved oil or replaced oil by 
cheaper or more reliable substitutes, such as biofuels. 
World bio-ethanol production grew to about four 
billion gallons in 1985. In the early 1980s, the oil prices 
collapsed to their original level and stayed there until 
the beginning of the new millennium. The level of 
biofuel production, however, did not collapse but 
remained almost constant and increased only margin¬ 
ally after 1985. The recent rise in oil prices in combi¬ 
nation with environmental concerns lead to the recent 
biofuel boom. 

The only integrated biofuel market in practice 
is Brazil’s cane-based ethanol market. In their 
ethanol/electricity cogeneration system sugar cane 
becomes a competitive energy provider at petrol 
prices of about $ 35/bbl [82]. The driver for biofuel 
production in the EU, the USA, and Canada is mainly 
political, including tax exemptions, investment 
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Biomass Resources, Worldwide. Figure 14 

World fuel ethanol production and crude oil prices: 1970-2005 [80] 
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subsidies, and obligatory blending of biofuels with 
fuels derived from mineral oil, while high energy 
prices further enhance biofuels production and 
consumption in other countries and regions. Argu¬ 
ments for biofuel promoting policies are reduction 
of greenhouse gas emissions in the light of climate 
change, diversification of sources of energy, improve¬ 
ment of energy security, and a decreased dependency 
on unstable oil suppliers, benefits to agriculture and 
rural areas, etc. 

The growing integration of food and energy mar¬ 
kets increases the ability to channel agricultural supply 
either to food, feed, or fuel processing. If this trend 
continues one can expect that the agricultural raw 
material price implied by future energy prices will 
either act as a ceiling - as long as it is profitable to use 
biofuel crops for energy production - or, if agricultural 
prices go above such threshold, demand for bio-based 
products for energy production will become negligible. 
This basic price transmission from energy to agricul¬ 
tural prices depends on various factors, which are 
(a) conversion technologies and costs, (b) carbon 
prices, (c) legislation, for example, mandatory blending 
obligations, and (d) economic incentives such as sub¬ 
sidies or tax exemptions. 

Until now biofuels have been produced by 
processing agricultural crops using available technolo¬ 
gies. These so-called first-generation biofuels can be 
used in low percentage blends with conventional fuels 
in most vehicles and can be distributed through 
existing infrastructure. Advanced conversion technol¬ 
ogies are needed for the next generation of biofuels. 
This generation will use a wider range of biomass 
resources - agriculture, forestry, and waste materials - 
and promises to achieve higher reductions in green¬ 
house gas emissions and the costs of fuel production 
[24, 83]. 

Given the current policy developments and the 
availability of just first-generation biofuels, an 
increased biofuel production either due to “pure” mar¬ 
ket forces and/or “policy” might have significant 
impacts on agricultural markets, including world 
prices, production, trade flow, and land use. The fact 
that demand elasticities for energy are much higher 
compared to most food products also contributed to 
the strong dynamics agri-food market shows during 
recent years. Linkages between food and energy 


production include the competition for land, but also 
for other production inputs. The effect of an increasing 
supply of by-products of biofuel production such as oil 
cake and gluten feed also affect animal production for 
instance. 

Liquid biofuel production creates additional 
demand for agricultural commodities, including food¬ 
stuffs that place additional pressure on natural 
resources such as land and water and thus raise food 
commodity prices. Biofuels from lignocellulosic bio¬ 
mass can reduce it but not eliminate competition. To 
the extent that domestic food markets are linked to 
international food markets, even countries that do 
not produce bioenergy will be affected by the higher 
prices. 

The OECD-FAO Agricultural Outlook (2008) 
model [56] found that if biofuel production were to 
be frozen at 2007 levels, coarse grains prices would be 
12% lower and vegetable oil prices 15% lower in 2017 
compared to expected biofuels increases. World maize 
prices would be 26% higher under a scenario of con¬ 
tinued biofuel expansion according to the then-existing 
national development plans [84]. They would be more 
than 70% higher under a drastic biofuel expansion 
scenario where biofuel demand is double compared to 
the first scenario (these scenarios are relative to 
a baseline of modest biofuel development where bio¬ 
fuel production remains constant at 2010 levels in most 
countries). World prices for wheat, sugar, and other 
crops would increase with greater biofuels production, 
but would be less than in the case of maize and oilseeds. 
IFPRI (2008) estimated that 30% of the weighted aver¬ 
age increase of world cereal prices was attributable to 
biofuels between 2000 and 2007 [85]. The eventual 
impact of biofuels on prices will depend on the specific 
technology used, the strength of government mandates 
for biofuel use, the nature of trade policies that can 
favor inefficient methods of biofuel production, and 
the level of oil prices. 

The impact of higher prices on the welfare of the 
poor depends on whether the poor are net sellers of 
food (benefit from higher prices) or net buyers of 
food (harmed by higher prices). The poor are a hetero¬ 
geneous group, with some being net sellers of food 
while others are net buyers. On balance, the evidence 
indicates that higher prices will adversely affect poverty 
and food security, even after taking account of the 
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benefits of higher prices for farmers [86, 87]. A major 
study of FAO on the socioeconomic impacts of the 
expansion of liquid biofuels [88] indicates that poor 
urban consumers and poor net food buyers in rural 
areas are particularly at risk. The number of malnour¬ 
ished children would increase by 4.4-9.6 million under 
the two above-mentioned scenarios [84]. 

Higher food prices will have negative consequences 
for net food-importing developing countries. Espe¬ 
cially for the low-income food-deficit countries, higher 
import prices can severely strain their balance of pay¬ 
ments. Food exporting countries will benefit from 
higher prices, but the number of such countries is 
limited and they tend to be more developed (e.g., 
Thailand, Brazil, and Argentina). 

A significant increase in the cultivation of crops for 
bioenergy implies a close coupling of the markets for 
energy and food [89]. As a result, food prices 
may become more closely linked to the dynamics 
of world energy markets. Political crises that affect energy 
markets would thus affect food prices. For around one 
billion people in the world who live in absolute poverty, 
this situation poses additional risks to food security. 

Meeting the food demands of the world’s growing 
population will require an increase in global food pro¬ 
duction of 70% by 2050 [90]. This FAO study also 
estimates that the increase in arable land between 
2005/2007 and 2050 will be just 4%. Given this limited 
increase, there could be significant competition for the 
use of agricultural land because biomass production is 
land intensive. Increased biofuels production could 
also reduce water availability for food production 
(as more water is diverted to production of biofuel 
feedstock). Cash crops can represent an additional 
incomes source and do not necessarily compete with 
food crops, and may contribute to improving food 
security [91]. However, there are instances of negative 
effects of cash crops on food security [91-93]. 

Growing demand for biofuels and the resulting rise 
in agricultural commodity prices can present an oppor¬ 
tunity for promoting agricultural growth and rural 
development in developing countries. The develop¬ 
ment potential critically depends on whether it is eco¬ 
nomically sustainable without government subsidies. If 
long-term subsidies are required, there will be fewer 
government funds available for investment in a wide 
range of public goods that are essential for economic 


and social development, such as agricultural research, 
rural roads, and education. Even short-term subsidies 
need to be considered very carefully, as once subsidies 
are implemented they can be difficult to remove. Expe¬ 
rience from Latin America shows that governments 
that utilize agricultural budgets for investment in pub¬ 
lic goods instead of subsidies experience faster growth, 
more rapid poverty alleviation, and less environmental 
degradation [94]. 

Bioenergy may reduce dependence on fossil fuel 
imports and increase energy supply security, although 
the benefits are not likely to be large [88]. Case studies 
for several Caribbean countries have been completed 
and indicate large potential benefits. Recent analyses of 
the use of indigenous resources implies that much of 
the expenditure on energy provision is retained locally 
and recirculated within the local/regional economy, but 
there are trade-offs to consider. For example, the 
increased use of biomass for electricity production 
and the corresponding increase in demand for some 
types of biomass (e.g., pellets) could cause distortions 
leading to the temporary lack of supply of biomass 
during periods of high demand. Households are par¬ 
ticularly vulnerable in this regard. 

The technology and institutions used for biofuels 
production will also be an important determinant of 
rural development outcomes. For example, private 
investors in some instances will look to the establish¬ 
ment of biofuel plantations to ensure security of sup¬ 
ply. If plantations are established on nonproductive 
land without harming the environment, then there 
should be benefits to the economy. It is essential not 
to overlook the uses of land that is important to the 
poor. Governments need to establish clear criteria for 
determining marginal or productive land, and criteria 
must aim to protect vulnerable communities and 
female farmers who may have less secure land rights 
[88]. Research in Tanzania suggests that an outgrower 
approach to producing biofuels is more pro-poor, due 
to the greater use of unskilled labor and accrual of land 
rents to smallholders in this system, compared with 
a more capital-intensive plantation approach [95]. 

Increased investment in rural areas will be crucial 
for making biofuels a positive development force. If 
governments rely exclusively on short-term farm-level 
supply response, the negative effects of higher food 
prices will predominate. If higher prices motivate 
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greater investment in agriculture (e.g., rural roads and 
education, research and development) from public and 
private sectors, there is tremendous potential for 
sparking medium- and long-term rural development. 
As one example, proposed biofuel investments in 
Mozambique could increase annual economic growth 
by o .6%-points and reduce the incidence of poverty by 
about 6%-points over a 12-year period [96]. 

The increased use of residues for some feedstocks - 
such as pellets or used cooking oil - requires careful 
analysis. While residues are presently inexpensive, as 
the market expands or as other uses are found, the price 
could change dramatically. For example, used cooking 
oil in Europe went from a waste product to a valuable 
commodity. One must also assess the long-term supply 
picture. For example, beetle-killed timber in British 
Columbia, Canada, is a large source material for pellet 
manufacture for the European market, but it is not 
clear for how long it will be available. 

Social impacts from a large expansion of bioenergy 
are very complex and difficult to quantify. In general, 
bioenergy options have a much larger positive impact 
on job creation in rural areas than other energy sources. 
Also when conventional agriculture would rationalize 
to “free up land” for bioenergy, the total job impact and 
value added generated in rural regions increases when 
bioenergy production increases [97]. For many devel¬ 
oping countries, the potential bioenergy has for gener¬ 
ating employment and economic activity in rural 
regions is a key driver. In addition, expenditures on 
fossil fuel (imports) can be (strongly) reduced. How¬ 
ever, whether such benefits end up with rural farmers 
depends largely on the way production chains are orga¬ 
nized and how land use is governed. In case (too) rapid 
bioenergy deployment competes with food produc¬ 
tion, increases in food prices can be significant as 
shown by many recent studies that focused on impli¬ 
cations of rapid expansion of first-generation biofuels 
produced from food crops: impacts on food prices - 
and more in general on food security - may be 
significant, particularly for poor people. It is also 
acknowledged in many analyses that when such com¬ 
petition is avoided, and value chains are properly orga¬ 
nized (e.g., with cooperatives with proper ownership 
structures and using agroforestry systems), farmers and 
local economies can be major beneficiaries of addi¬ 
tional biomass production for energy (see, e.g., [95]). 


The way bioenergy is developed, under what con¬ 
ditions, and with what options will have a profound 
influence on whether those impacts will largely be 
positive or negative (see, e.g., [78, 79] with examples 
of such scenarios for Argentina). Bioenergy has the 
opportunity to contribute to climate mitigation, 
energy security and diversity goals, and economic 
development in developed and developing countries 
alike but the effects of bioenergy on environmental 
sustainability may be positive or negative depending 
upon local conditions, how criteria are defined, how 
actual projects are designed and implemented, among 
many other factors. 

Discussion of the Results 

From a review of recent literature, several issues evolved 
that influence the amount of biomass that will be 
available for energy and materials. For some of these 
issues, ranges of biomass potentials had been analyzed 
by means of scenario analysis in the studies reviewed. 
Furthermore, an indicative analysis of some of these 
main issues and their linkage to bioenergy potentials 
has been carried out using several energy demand and 
economic models. The issues analyzed were those 
that are relatively easy to integrate (even though on 
a rough level). 

• Improvement agricultural management. Yields for 
food and energy crops as well as animal production 
system are a key issue in determining technical 
biomass potentials. It has been shown (e.g., [6]) 
that, depending on different medium to highly effi¬ 
cient agricultural management systems, the 
potentials for bioenergy crops vary from 200 to 
1,400 EJ/year. Modeling in IMAGE has shown that 
increasing yield levels of food and energy crops by 
about 12.5% and bringing 2050 technology levels in 
developing countries close to current Western 
European levels leads to an increase of 40-60% of 
biomass potentials. For comparison, global average 
increase in cereal yields between 1961 and 1998 was 
about 2.2%/year (FAOSTAT). (Extrapolating this 
global average rate of learning until 2050 would 
lead to an increase by a factor 2.5, while probably 
learning rates in developed countries that already 
learned a large part historically would be lower than 
in developing countries for which a large learning 
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potential still exists.) An important aspect of 
improving agricultural management is the rate of 
deployment of more efficient agricultural manage¬ 
ment practices in the developing countries, which 
itself depends on many factors that are often 
included in scenario analysis, such as socioeco¬ 
nomic developments, policies, resource endow¬ 
ment, infrastructure, power, etc. 

• Choice of crops. As yields, agricultural inputs, and 
suitability of different types of climate and soil can 
be very different for different crops, the choice of 
energy crop is very important for overall biomass 
potentials. In this context, the developments in 
biofuels are crucial. Most recent studies assume 
the use of perennial lignocellulosic energy crops 
that can be used for heat and power applications, 
second-generation biofuels, but not for first- 
generation biofuels for which sugar, starch, and 
oilseed crops are required. Perennial lignocellulosic 
crops, such as herbaceous and woody crops, usually 
have higher total energy yields than annual starch, 
sugar, and oilseed crops. The amount of biofuel that 
can be gained from these annual crops via first- 
generation processes from 1 ha is typically lower 
than the amount of biofuel that can be gained from 
lignocellulosic crops via second-generation pro¬ 
cesses. However, once second-generation technolo¬ 
gies become commercially available, lignocellulosic 
agricultural residues of annual starch, sugar, and 
oilseed crops can also be used for biofuel produc¬ 
tion. Another advantage of lignocellulosic crops is 
the fact that they are usually better suited to mar¬ 
ginal lands (i.e., lands on which crop yields are very 
low) than annual crops. However, some of these 
marginal lands might not be suited to biomass 
production at all. It should be noted that some 
perennial crops that are suited to the production 
of first-generation biofuels such as sugar cane and 
palm oil have rather high yields too. 

• Bioenergy demand versus supply. Typically, supply 
and demand of biomass are investigated in separate 
models leading to estimates of geographical - what 
can be produced given land availability - and eco¬ 
nomic - what will be produced and used from an 
economic point of view - biomass potentials. Most 
studies on geographical biomass supply estimate 
only total amounts of available biomass, while 


some also analyze cost-supply curves of biomass. 
Dynamic adaptations of biomass supply to demand 
are, however, not considered in recent studies. 
Comparing scenario analysis of available biomass 
supplies with bioenergy demands shows that 
demands are typically lower than supply, even 
though the gap depends on the costs of biomass as 
well as on the assumption on global energy 
demand. The global demand for biomass for the 
use for energy as modeled with TIMER is about 
15-20% of the possible supply. However, no result 
of integrated modeling supply and demand is avail¬ 
able considering price effects. It should be noted 
that energy demand depends on cost-supply curves 
of biomass as well as learning in energy conversion. 
Use of degraded land for biomass production. An 
important question for the total biomass potentials 
and the availability of land is if and which degraded 
land areas can be used for biomass production. 
Most recent studies include agricultural land with¬ 
out explicitly defining whether and what type of 
degraded agricultural land has been included. For 
example, [13] uses “low-productive lands” which 
produce about 1-3% of the global potential for 
energy crops. Here the potential of using severely 
degraded land has been estimated to increase 
potentials by about 30-45% compared to not 
using severely degraded lands. This estimate has 
been made using soil quality and climate as a basis 
of yield estimates. However, it is unknown whether 
the assumed yields are realistic as it is difficult to 
assess the impact of soil degradation on the pro¬ 
ductivity of the soil. This depends on many local 
conditions. In general, one can conclude that yield 
levels on degraded soils are often far below the levels 
of the undisturbed soil. Another issue is the poten¬ 
tial value of degraded lands for biodiversity. This 
value depends on whether and during which 
timeframe this land restores itself to pristine nature. 
Restoration of the original vegetation on degraded 
soils has problems similar to biomass production 
since most of the original conditions of the soil have 
been changed (lower nutrient levels, lower water 
holding capacity). However, it has been shown 
that taking biodiversity recovery into account pre¬ 
sents a factor to consider for the net option effect in 
terms of biodiversity. 
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• Competition for water. The use of water for biomass 
production (rain-fed as well as irrigated produc¬ 
tion) competes with other industrial, domestic, 
and agricultural uses. In general, the impacts of 
water availability on biomass potentials could be 
large as water use for industrial and domestic pur¬ 
poses as well as for agricultural food production is 
projected to increase strongly in the coming years. 
The evaluation of the potentials shows that water 
scarcity (as estimated in the Water GAP model and 
not based on a river basin scale) decreases the area 
available for energy crops by 15-20% and decreases 
the estimated biomass potential by 15-25% com¬ 
pared to the DV-2 scenario. The increasing variabil¬ 
ity of rainfall due to climate change is expected to 
decrease the area further, while an increase in water 
use efficiency of agriculture and the use of perennial 
lignocellulosic crops (that might increase water 
retention in some areas) could increase the biomass 
potential based on water availability. However, the 
review of studies on water has shown that the 
demand and availability of water cannot be ana¬ 
lyzed on an adequate scale to evaluate biomass 
potentials for regions with possible water scarcity. 
At least an analysis on a river basins scale is needed, 
but these data are not systematically available. 

• Learning in biomass conversion and competing 
technologies. The comparison of costs and efficien¬ 
cies of biomass options with other options for 
energy supply is important for the use of fossil or 
biomass technologies for energy supply. This per¬ 
formance of energy conversion technologies can be 
influenced by “technological learning,” and a cost- 
reducing effect that occurs more strongly in newer 
technologies, for example, hydrogen fuel cells or 
biomass conversion, than in more conventional 
(fossil and renewable) technologies. The results 
discussed, which assume different rates of learning, 
show that shares of bioenergy could vary strongly, 
but, for example, in energy model run with overall 
faster learning rates for selected conversion tech¬ 
nologies, the role of bio-based is affected [54, 98]. 

• Protected areas expansion. In current biomass 
potential studies, usually nature conservation 
areas are excluded from biomass potentials, but 
besides little or no land is reserved for biodiversity 
conservation. The issue of which land can be used 


for biomass production without substantially 
decreasing biodiversity and nature conservation 
values and which land has to be excluded has not 
been resolved completely. The analysis indicates 
that excluding existing nature reserves - even 
though part of these could legally be used for bio¬ 
mass production - and future nature reserves 
does decrease estimated biomass potentials by 
about 25%. 

The following issues are not covered within the 

quantitative analyses. 

• Food demands and human diets. Assumptions on 
the future demand for food are crucial for estimat¬ 
ing biomass potentials as in most studies it has been 
assumed that only land that is not needed for the 
production of food is available for biomass produc¬ 
tion [76]. Most estimates of biomass potentials 
that consider food demand and human diets are 
based on food demand projections of the FAO, 
representing a large range of possible future 
demands, depending on population developments 
and economic growth. Using these FAO projections 
estimate the difference between a scenario assuming 
low food demands and a scenario assuming high 
food demands to be about 130 EJ/year, while keep¬ 
ing other factors constant. Other studies [13] esti¬ 
mate this difference to be about 50 EJ/year. 

• Market mechanism food-feed-fuel. If the use of bio¬ 
mass as fuel or as feedstock increases, prices of 
agricultural land and food will increase in the 
short term in addition to autonomous price 
increased due to population and income growth. 
This effect influences in turn supply costs of bio¬ 
mass and subsequently economic potentials, but 
also has impacts on food security issues that are 
core of current biomass discussions. Some price 
effects have been calculated for first-generation bio¬ 
mass crops. For example in [99], world prices for 
first-generation biofuel crops increase between 
6.5% for cereals and 10% for sugar under 
a mandatory blending according to the EU Biofuels 
Directive. However, the increase in biofuel use leads 
to a decline in crude oil prices by around 2%. Due 
to the fact that agricultural land is more or less 
a fixed factor, agriculture land prices react stronger 
on higher demand for biofuel crops as input for 
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biofuel production. First results show that land 
prices in the EU increase strongly as a consequence 
of the biofuel directive. Land prices rise between 5% 
in the Netherlands and 15% in the UK. But further 
analysis needs to be done to achieve a more pro¬ 
found analysis of the key variables for the driving 
forces behind agro-production related to market 
developments such as price changes, technical pro¬ 
gress, and policies. 

• Costs of biomass supply. The costs of biomass sup¬ 
plies are important for the amount of biomass that 
can be used economically, that is, for the bioenergy 
demand. However, in energy demand models either 
static costs are used or cost-supply curves based on 
the availability of land after reserving land for other 
functions. In [4, 13] this was analyzed using the 
latter method, the amount of energy crops available 
at prices below 2 €/GJ which is about the price of 
coal. This amount is about 30-40% lower than the 
overall technical potentials. Given the nature of 
biomass supply curves used, no price effects of 
competition between resources (biomass for mate¬ 
rials, food, agricultural land, water, nature conser¬ 
vation) are taken into account in the cost-supply 
curves that determine energy demands, even 
though they are relevant for modeling. 

• Use of by-products from agriculture and forestry. 
By-products from food and wood production, for 
example, lignocellulosic residues, and from their 
processing, for example, rapeseed press cake, can 
be used for the production of bioenergy and for the 
production of animal feed. As second-generation 
conversion technologies are able to cope with lig¬ 
nocellulosic by-products from agriculture and for¬ 
estry, a wider range of sources for bioenergy 
becomes available increasing biomass potentials 
significantly. Additional to this potential of energy 
crops, thus, a considerable amount of about 76-96 
EJ of residues from forestry, agriculture, and food 
and wood processing as well as secondary wastes are 
available at low costs [6]. Moreover, in the discus¬ 
sion of competition between food, feed, and 
fuel, the use of by-products as an animal feed has 
to be taken into account in order to assess the final 
effects on the feed market. This use of by-products 
potentially decreases the amount of biomass 
available. 


Water use efficiency of crops. The water use efficiency 
of crops depends on the type of crops as well as on 
agricultural management. For example, water use 
efficiencies in gram biomass per kilogram of water 
are about 1.7-2.2 for wheat, 2.5-3.8 for sugar beet, 
4.0-6.4 for sugar cane, and 1-9.5 for lignocellulose 
crops [36]. Increasing water use efficiency of food 
crops as well as energy crops could reduce the 
competition for water resources between agricul¬ 
tural production and other uses, especially for irri¬ 
gation-type systems. This increased water efficiency 
might in turn lead to higher biomass potential. To 
determine this effect, quantitative research on the 
amount of biomass available in rain-fed and irri¬ 
gated agriculture depending on water availability 
and realized water on a regional and global level 
would be needed. However, only studies on a field 
level addressing these issues are so far available. 
Climate change. Climate change can influence the 
suitability of a certain area for biomass production 
as well as their “biodiversity value,” but limited 
research on the relationship between biodiversity, 
biomass production, and future climate change has 
been carried out. The GB02 study shows a negative 
effect of climate change on biomass production and 
biodiversity [30]. These negative relations depend 
on the use of agricultural land that is not needed for 
food production and its restoration value as well as 
on the use of “more natural” areas. However, 
a decrease in the possibilities of annual crop pro¬ 
duction might lead to larger possibilities for peren¬ 
nial energy crops. Research into these complex 
correlations and feedback mechanisms has not 
been sufficient to quantify the impact of climate 
change on biodiversity and biomass potentials. 
Alternative protein chains. The production of pro¬ 
teins from animal farming uses large amounts of 
land and other resources. Life-cycle assessment 
showed that a transition from animal to plant pro¬ 
tein might result in a 3-4-fold lower requirement of 
agricultural land and about a 30-40-fold lower 
water use [41]. The land and water resources that 
could be made available by such a transition could 
then be (partly) used for biomass production and 
for relieving the pressure on biodiversity. The influ¬ 
ence of changing protein sources for human con¬ 
sumption on biomass potentials could not be 
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quantified within this study and has not been stud¬ 
ied in the reviewed biomass potentials studies, but 
might be potentially large. An area of 25 Mha of soy 
would yield an amount of protein equivalent to 
livestock presently fed by 400 Mha of feed crops 
(300 Mha grains plus 100 Mha oilseeds), thus set¬ 
ting 375 Mha free [41]. (Even in this rough esti¬ 
mate, meat from grazing animals [beef, lamb, and 
goat] and from animals fed agricultural waste 
[pork] would still be available.) Changing protein 
sources requires technological change as well as 
a change of consumption patterns. Present trends, 
however, suggest meat demand to be increasing, 
rather than decreasing. 

• Demand for biomaterials. Wood and fiber products 
(pulp, timber, boards, etc.) are the largest group of 
biomaterials currently produced. In studies consid¬ 
ering all types of biomass resource, the demand for 
wood products is included, that is, the wood prod¬ 
ucts demand is subtracted from the future biomass 
potentials. Smeets et al. [6] estimated the difference 
between high and low future demands for wood 
products in 2050 to be about 30 EJ/year. Chemicals 
and other biomaterials might become another 
important area for biomaterial use and are usually 
not included in biomass potentials estimates. How¬ 
ever, demands for biomaterials are comparatively 
low (e.g., results from a scenario analysis on bio¬ 
based chemicals indicate that even in a scenario 
with high market potentials of bio-based chemicals 
not more than 10% of agricultural land in the EU- 
25 in 2050 will be used for bulk chemical produc¬ 
tion - assuming lignocellulosic feedstock [104]) 
and do not exclude the use of biomass for energy 
as cascading strategies, that is, first using biomass 
for food, feed, materials and then converting 
organic wastes to energy can be applied. In energy 
demand models, the use of biomass as feedstock 
material is typically not included and the only 
global model that does take it into account predicts 
a limited, but not insignificant amount of biomass 
to be allocated to materials. As a consequence, cou¬ 
pling and integration of sector modeling (e.g., 
wood products, chemicals, forestry) to biomass 
potential estimates and is necessary. 

• GHG balances of biomass chains. The biomass 
potential studies regarded do include biomass 


options regardless of their greenhouse gas balance. 
GHG emission reduction is an important driver of 
biomass use and might increase actual biomass 
demands, while on the other hand excluding bio¬ 
mass chains with low or negative reductions could 
lower biomass potentials. However, the possible 
influence of this latter aspect is small, as most 
potential studies are already based on lignocellu¬ 
losic biomass and, thus, disregard unfavorable bio¬ 
mass chains such as first-generation fuels from 
annual crops and land-use changes from wetland 
and forests to energy crop production [101, 102]. 

In Table 3, the key uncertainties discussed are summa¬ 
rized and evaluated in view of their importance 
(column 2). Also the impact on biomass potentials as 
estimated in the literature reviewed is presented 
(column 3). For example, for the improvement of agri¬ 
cultural management it is indicated that biomass 
potentials increase or decrease compared to the esti¬ 
mates in recent studies. This means that the reviewed 
biomass potential studies used different values for agri¬ 
cultural efficiency that are within the ranges that were 
derived from our review. As a consequence, biomass 
potentials estimated in the recent studies could increase 
or decrease if other assumption on agricultural man¬ 
agement improvements would be assumed. However, 
for protected areas it is indicated that biomass poten¬ 
tials decrease compared to the ranges estimated in 
recent studies, meaning that if the recent studies 
would have included protected areas, the estimated 
potentials would be lower. 

In addition to these results of the inventory, the 
results of the integrating analysis are also presented 
(column 4) and percentages of supply refer to the 
DV-2 scenario in IMAGE that estimates biomass 
potentials of about 200 EJ/year. However, it should be 
noted that the results of the integration analysis pro¬ 
vide an order of magnitude but are not based on an 
integrated modeling analysis. 

In recent discussions about the large-scale develop¬ 
ment of biomass use for energy and materials, 
many issues around biomass potentials and linked 
areas such as water, biodiversity, food, energy 
demands, and economic developments play an 
important role. Below, a summary of knowledge and 
knowledge gaps concerning biomass potentials are 
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Biomass Resources, Worldwide. Table 3 Overview of uncertainties and their impact on biomass resource potentials [24] 


Issue/effect 

Impact on biomass potentials compared to 

Supply potential of biomass 

Importance 

Supply as estimated in recent 
studies 

OECD-baseline scenario 
in IMAGE 

Improvement agricultural management 3 

*** 

n 

t 40-65% 

Choice of crops 

*** 

i 

| 5-60% 

Food demands and human diet 

*** 

u 

n/a 

Use of degraded land b 

*** 

u 

t ca. 30-45% 

Competition for water 0 

*** 

i 

| 15-25% 

Use of agricultural/forestry by-products 

** 

u 

n/a 

Protected area expansion 01 

** 

1 

110-25% 

Water use efficiency 

** 

T 

n/a 

Climate change 

** 

U 

n/a 

Alternative protein chains 

** 

T 

n/a 

Demand for biomaterials 

* 

U 

n/a 

GHG balances of biomass chains 

* 

U 

n/a 

Demand potential of biomass 


Demand as estimated in recent 
studies 

Biomass supply as 
estimated in TIMER 

Bioenergy demand versus supply 0 

** 

n 

i 80-85% 

Cost of biomass supply 

** 

n 

n/a 

Learning in energy conversion 

** 

n 

n/a 

Market mechanism food-feed-fuel 

** 

n 

n/a 


Importance of the issues on the range of estimated biomass potentials: *** - large, ** - medium, * - small 

Impact on biomass potentials: potentials as estimated in recent studies would: f - increase, j - decrease, f J, increase or decrease - if this 
aspect would be taken into account 

n/a: no quantitative analysis has been carried out in this study 

increasing yield levels of food and energy crops by about 12.5% compared to the baseline (half the suggested improvement potential in 
the International Assessment of Agriculture Science and Technology Development) leads to an increase of about 40% of biomass 
potentials. Moreover, bringing 2050 technology levels in developing countries close to current Western European levels leads to an 
increase of up to 60% of potentials in 2050 

b The potential of using severely degraded land (cat. 3 and cat. 4 of the GLASOD classification [103]) has been estimated to increase 
potentials by about 30% (cat. 3) and 45% (cat. 3 and 4) 

c Other main uses that compete with biomass production for water are agricultural, industrial, and domestic uses. Excluding areas with 
a water scarcity of >0.4 and of >0.2, respectively, leads to a decrease of estimated biomass potentials of about 15-25% in the analysis in 
section "Integration of the Findings." However, due to climate change, in future the number of regions with water scarcity will increase 
and competition for water will become more important 

d Reserving nature reserves in areas designated to become nature reserves under the Sustainability First scenario of the Global 
Environmental Outlook of the UNEP leads to a reduction of up to 25% of biomass potentials 

e The economic biomass potentials based on energy demand modeling is much smaller than the possible technical biomass supply. 
Starting from a biomass cost-supply curve with a maximum supply of 700 EJ/year in 2050, the energy demand at carbon taxes of 
0-300 €/tC is only about 15-20% of the possible supply, that is, the economic potential is 80-85% lower than possible supply 
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given. Note that social impacts of biomass use and 
impacts on energy security - though of large political 
relevance - have not been an explicit part of this study. 
Also policies and their effects on biomass potentials 
have only been analyzed on a very limited level, 
that is, investigating the effects of carbon taxes on 
energy demand. 

1. Are biomass potentials sufficient to supply a large 
part of future energy demands? (In the assessment 
of the German Advisory Council on Global Change 
that assumes a very limited availability of land due 
to nature protection and high food consumptions 
with at the same time very low crop yields, only 
about 70 EJ from residues and about 40 EJ from 
energy crops are estimated to be available [100].) 

In principle, biomass potentials are likely to be 
sufficient to allow biomass to play a significant 
role in the global energy supply system. Under 
the assumption that food demands of future pop¬ 
ulation are met, most recent studies estimate 
global biomass potentials of 300-800 EJ/year in 
2050 for various scenario conditions. The analysis 
reported in this entry showed that under negative 
circumstances concerning land availability (i.e., 
excluding large areas for nature protection, mild 
to strong water-scarce areas, and mildly and 
severely degraded land from biomass production) 
only about 80 EJ/year from energy crops might be 
available, while an additional amount of about 
80 EJ/year from residues and an additional 
amount about 60-100 EJ/year of surplus forest 
growth is likely to be available. At the same time, 
scenario analyses predict a global primary energy 
use of about 600-1,040 EJ/year [5]. 

Energy demand models that calculate the 
amount of biomass used if energy demands are 
supplied cost-efficiently at different carbon 
tax regimes estimate that in 2050 about 
50-250 EJ/year of biomass are used, a range that 
is significantly lower than the estimated supply 
potential. For determining future economic 
potentials of bioenergy more exactly, however, an 
advanced integration of demand models with 
cost-supply curves of biomass and extended 
knowledge about technological learning in energy 
conversion technologies would be necessary. 


2. What drives the economic competitive use of 
bioenergy and materials? 

Most important in the economic part in the 
discussion around bioenergy is the fact that feed¬ 
stock crops such as cereals, oilseeds, or sugar cane 
are in direct competition with food on the con¬ 
sumption side. For biomass such as willow or 
switchgrass, this competition is less stringent, but 
also in this case biomass production is in direct 
competition for scarce resources, especially land. 
Changes in relative prices between different crops 
and between different energy sources, that is, 
energy crop prices versus fossil energy prices, are 
the key drivers in future use of biomass. The eco¬ 
nomic analysis of biofuel use clearly shows that 
apart from direct policy measures, for example, 
mandatory blending commitments, this price 
ratio is the most significant driver in the use of 
biofuels. Any analysis of biofuel potentials which 
also takes economics into account must consider 
this key element. However, the dynamics are also 
important, because shifts in relative prices also 
trigger investments and technical progress in the 
biofuel sector which lowers in the long-term pro¬ 
duction costs and increases the long-term profit¬ 
ability of biofuel production. 

3. What are the main sources of biomass? 

Biomass for energy and material in 2050 is 
derived from three major sources: (1) residues 
and waste (about 5-20%), (2) surplus forest 
growth (about 5-15%), and (3) energy crops 
(about 60-80%). In the biomass potential studies, 
it is assumed that biomass is grown on surplus 
agricultural land that is not needed for food pro¬ 
duction and partly on other types of land. This 
surplus land depends on the demands for food 
and material and the subsequent price effects. 

4. What role might degraded lands play in biomass 
production? 

Another question in determining future bio¬ 
mass potentials is whether degraded lands - of 
which productive capacity has declined temporar¬ 
ily or permanently - can be used for biomass 
production. At this moment the potential of the 
large area of degraded soils - classified as light and 
moderately degraded and covering about 10% of the 
total land area - to contribute to the production of 
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biomass is not yet clearly assessed. This is because of 
the unknown impact of two possible drawbacks: 
firstly the large efforts and long time period required 
for the reclamation of degraded land and secondly 
the low productivity levels of these soils. In the 
integration analysis it has been shown that using 
severely degraded land would increase biomass 
potentials from energy crops by about 30-45%, 
assumed that in principle it would be possible. 
However, using severely degraded land for annual 
crop production might require large investments 
and many attempts for reclaiming degraded land 
for food production have failed. Other attempts 
with, for example, reforestation and agroforestry 
might be more promising for biomass production 
and some projects in the past on, for example, 
saline soils have been successful. Further research 
on the potential of degraded soils for biomass 
production is needed. Preferably, other mitigation 
options (carbon storage in soils and vegetation) 
and adaptation options should be integrated in 
the research on the potential of degraded soils 
for biomass production. 

5. What determines biomass yields? 

It should be noted that the conclusion that 
future biomass potentials are large enough to 
play a relevant role in supplying a significant part 
of future energy demands depends on land avail¬ 
ability (see above) and on biomass yields. Ranges 
of assumptions on land availability in the reviewed 
literature influence total technical biomass poten¬ 
tials more strongly than the estimated ranges of 
biomass yields. Biomass yields depend mainly on 
the development of agricultural management and 
the choice of crops. First, most recent biomass 
potentials studies assume that the efficiency of 
agricultural production improves in the coming 
decades assuming low to high technology devel¬ 
opment rates. (For illustration, extreme scenarios 
that assumed extensive agriculture or high 
advanced technologies with landless animal pro¬ 
duction resulted in estimated future global 
biomass potentials of about 0 EJ/year and 
1,500 EJ/year, respectively.) Practice, however, 
shows that deployment of agricultural technolo¬ 
gies in developing countries can be a difficult task 
and implementation strategies need to be studied 


very well. Second, all estimates of future biomass 
potentials discussed are based on the use of peren¬ 
nial lignocellulosic biomass in 2050. This necessi¬ 
tates the availability of second-generation 
conversion technologies for the production of 
biofuels and most chemicals. Perennial lignocellu¬ 
losic crops have in general higher yields than 
annual sugar, starch, and oilseed crops, while 
perennial sugar and oil crops (e.g., sugar cane, 
palm oil) have high yields too. Calculations in 
the integration part of this study indicate that 
potentials for annual biomass crops, that is, 
maize, might be very low and not sufficient to 
provide a large part of energy demands. 

6. Is water a limiting factor for biomass potentials? 

In general, water availability can be a limiting 
factor for the production of biomass and food. 
A simple and rough analysis in this study has 
shown that excluding water-scarce areas decreases 
the biomass potentials by about 15-25% for 
woody bioenergy crops in 2050, in a scenario 
with biomass potentials about 200 EJ/year (and 
thus excluding residues and learning in agricul¬ 
tural management). Water availability, however, 
has not been analyzed on a sufficiently detailed 
spatial level to estimate regional biomass poten¬ 
tials in water-scarce areas. Another remaining 
point of uncertainty is the possibility to increase 
water use efficiency in agriculture and as such 
increasing biomass potentials. A regional to local 
analysis is necessary to further evaluate this possi¬ 
bility. Finally, climate change will increase vari¬ 
ability of rainfall patterns. It is expected that in 
the subtropics and some already water-scarce 
areas rainfall will decrease, while at high latitudes 
it will increase. For the tropics, estimates of future 
rainfall vary. 

7. What is the relation between biodiversity conser¬ 
vation and using bioenergy? 

Studies that estimate biomass potentials 
assume that nature conservation areas are 
excluded from biomass production, as such esti¬ 
mated biomass potentials consider biodiversity 
conservation on a base level. Assuming that larger 
parts of land should not be used for biomass 
production for reasons of biodiversity conserva¬ 
tion, potentials would decrease accordingly. 
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In most cases perennial lignocellulosic crops 
have lower impacts on biodiversity than annual 
sugar, starch, and oilseed crops and are, thus, 
better suited for combining biodiversity and bio¬ 
mass production. Important open questions in 
this area are: 

• To what degree is the potential energy produc¬ 
tion on a certain piece of land related to the 
(potential) biodiversity value of the same piece 
of land if reserved for nature? 

• How to measure biodiversity, realizing that 
different available indicators tell different 
stories? 

• What are the effects of future climate changes 
on biodiversity (very uncertain) and areas for 
biomass production (more certain)? 

8. What is the effect of biomass use on food prices? 
Economic analyses indicate clearly that food 
prices increase with an increased demand for bio¬ 
mass, but the magnitude of this increase is uncer¬ 
tain. In the long term, price increases might 
accelerate agricultural efficiency leading to larger 
potentials of food and biomass production and 
mitigating price increases. For example, OECD 
and FAO project a price increase of coarse grains 
prices of about 30% in the short term and about 
10-20% in the medium term (2010-2016) com¬ 
pared to the 1996 level. At the same time, prices of 
sugar are projected to increase by about 30-40% 
and then even to decrease compared to the 1996 
level [56] . Only part of these projected price devel¬ 
opments is due to the increase of biofuel produc¬ 
tion, while other parts are due to low recent 
harvests and increasing other demands. This anal¬ 
ysis indicates clearly that land, food, and energy 
demand are linked via prices. Thus, a priori not 
a certain area will be reserved for food production, 
but economic mechanisms determine the distri¬ 
bution of land uses. For annual crops that are used 
for the production of first-generation biofuels, the 
linkage between food prices and biofuel demands 
is probably larger than perennial lignocellulosic 
crops used for second-generation biofuel produc¬ 
tion. This is due to direct competition. However, 
currently agricultural models do not include and 
analyze second-generation biofuels and knowl¬ 
edge on the impacts of second-generation biofuels 


on food prices is lacking. Finally, while large 
amounts of biomass can be used without jeopar¬ 
dizing future global food demands, it should be 
noted that food availability and affordability are 
very regional and that these future regional distri¬ 
butions of food and energy supplies are not suffi¬ 
ciently known yet. Here, further knowledge 
including the influence of policies and subsidies 
on food security especially in developing countries 
is needed. 

9. How should the available biomass be used? 

Energy demand models show that the optimal 
use in terms of cost-efficient energy supply 
depends on future technological development of 
bioenergy technologies as well as alternative tech¬ 
nologies. Other major drivers found for directing 
biomass use are greenhouse gas emission reduc¬ 
tions, carbon taxes, and oil prices. Thus, cost- 
efficient optimal biomass use strongly depends 
on future developments. From a greenhouse gas 
perspective, second-generation biofuels are in 
most cases more efficient than first-generation 
biofuels, while the comparison between second- 
generation biofuels and electricity depends on 
energy conversion technologies as well as fossil 
references for electricity production. Using bio¬ 
mass for materials, for example, for construction 
and chemicals, and the cascading of these mate¬ 
rials can be attractive from a greenhouse gas 
reduction perspective. Compared to energy, how¬ 
ever, markets for biomaterials are rather small. 

10. What types of analyses are still needed? 

This review gives an overview of the most 
important linkages between the areas of water, 
food, biodiversity, economic effects, energy 
demands, and biomass potentials. While knowl¬ 
edge and knowledge gaps in these areas have been 
discussed above an integrated analysis of these 
areas is still missing. Important issues in such an 
integrated analysis are as follows: 

• Drivers and barriers in the food-feed-fuel 
nexus that could be used to refine modeling 
and scenario analysis of geographical and eco¬ 
nomic biomass potentials 

• Finkages between the availability and prices of 
water, the availability and prices of land, the 
demand for food and feedstock, the demand 



Biomass Resources, Worldwide 


609 


for energy, and between the cost-supply curves 
of biomass 

• Regional analysis that analyzes the relation 
between food security, biomass potentials, 
water availability, and land-use changes on 
a spatially explicit level 

• Mechanisms of changes and the implications 
of policy instruments in different parts of the 
world 

Conclusions and Future Directions 

Current understanding of the potential contribution of 
biomass to the future world s energy supply indicates 
that the total supplies could amount from a minimal 
100 up to 1,500 EJ theoretical potential (compared to 
some 450 EJ current global primary energy demand). 
This assessment gave a much more sophisticated view 
on the factors and biomass resource categories 
that explain the ranges, which are particularly caused 
by the way food demand and agricultural management 
develops and by uncertainties to what extent more 
marginal and degraded lands may be deployed for 
biomass production. The potential consists of 
three main categories of biomass: 

1. Residues from forestry and agriculture and organic 
waste, which in total represent between 40 and 170 EJ, 
with a mean estimate of around 100 EJ. This part of 
the potential biomass supplies is relatively certain, 
although competing applications may push the net 
availability for energy applications to the lower end 
of the range. The latter needs to be better understood, 
for example, by means of improved models including 
economics of such applications. 

2. Biomass produced via cropping systems on possible 
surplus good quality agricultural and pasture lands. 
This part of the potential biomass supplies is the 
most significant and can amount up to over 300 EJ 
for the high-level improvement for agricultural effi¬ 
ciency included in the SRES scenario range. It is 
also a more uncertain category. The key factor 
determining net availability of land is improvement 
in efficiency in agriculture and livestock production 
systems. From a technical perspective, potential 
efficiency increases are very large seen on a global 
basis, especially in developing countries as is 


highlighted in [6]. However, the speed at which 
such improvements may be realized is uncertain 
and depends on a wide variety of factors which are 
partly poorly understood and manageable. In partic¬ 
ular the economic drivers for such developments 
require further attention. The lower estimate given 
in this study based on the OECD scenario results in 
biomass supplies from energy crops up to 120 EJ 
(which includes corrections for water scarcity, land 
degradation, and new land claims for nature reserves; 
see also the third category below). A “compact 
agriculture scenario” (roughly similar to the A1 
and B1 SRES scenarios) would add some 140 EJ 
to that estimated 120 EJ, resulting in a range of 
120-260 EJ. 

3. The use of marginal and degraded lands that are not 
used for food production. This aspect is addressed 
in some more detail in this assessment. Although it 
should be recognized that data quality on such soils 
is fairly weak, that land-use scenarios in this respect 
are crude, and that knowledge to what extent dif¬ 
ferent types of vegetation can be established has 
seen limited study, some global estimates have 
been compiled. The potential contribution could 
add about 70 EJ to the production of energy crops 
EJ, but this would include a large area where water 
scarcity provides limitations and soil degradation is 
more severe. The lower estimate, covering more 
limited degradation and water scarcity, represents 
the 120 EJ discussed above. This lower estimate also 
incorporates estimated additional demand for new 
nature reserves. 

The key uncertainties for this category are the extent to 
which such lands can really be utilized for biomass 
production from a technical and economic perspective 
and to what extent nature and biodiversity conserva¬ 
tion may conflict with the partial use for biomass 
harvesting, since marginal and abandoned lands do 
represent varying levels of biodiversity. Management, 
harvest, and trade-offs with biodiversity need to be 
assessed on a regional scale. Another important ele¬ 
ment is to what extent increased food demand may 
make it more attractive to use marginal lands for food 
production in the future and thus compete with 
bioenergy. Such dynamics can still not be investigated 
by current modeling tools. 
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The level of knowledge on this category is rela¬ 
tively poor and the lands in question in fact cover 
a wide variety of different settings, from semiarid 
lands to degraded lands in various degrees to soils 
affected by salinity, etc. On the one hand, use of such 
lands for biomass may be very attractive because 
conflicts with food production are far less up to 
absent compared to arable lands. Furthermore, 
important co-benefits may be achieved such as regen¬ 
eration of soils, improved water retention, and 
(some) regained economic activity, which may 


prove even more important drivers than biomass 
production for energy alone. On the other hand, 
obtaining sustained biomass production, be it with 
low productivity, may bring higher costs. 

Overall (Fig. 15), this assessment tuned the broad 
range of estimates of global biomass resource potentials 
down to a range of minimally 200 EJ up to more than 
500 EJ. 

Another result of this assessment (but also con¬ 
firmed by the IPCC fourth assessment report and the 
new IPCC report on Renewable Energy Sources [2, 53] ) 



Biomass Resources, Worldwide. Figure 15 

Comparison of technical biomass potentials with bioenergy demands in 2050. Biomass potentials as analyzed in this study 
refer to the OECD-baseline scenario of IMAGE. (Exclusion of areas is the exclusion of mildly and severely degraded and 
water-stressed areas as well as the exclusion of areas designated as current and future nature reserves, while learning in 
agricultural technology reaches levels as assumed in the SRES A1 scenario.) [25] 
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is that current energy scenarios which include GHG 
mitigation strategies following IPCC guidelines indi¬ 
cate that the demand for bioenergy until 2050 could in 
fact be limited compared to the potential biomass 
supplies, because various other options are more com¬ 
petitive in terms of specific mitigation costs. This may 
in particular be true for the use of biomass for power 
generation because other alternatives (such as wind 
energy, fossils with CCS, and nuclear energy) are 
more attractive at marginal biomass costs above ca 
3 US$/GJ. The estimated demand for primary biomass 
reported in this assessment (based on MARKAL and 
TIMER model results) amounts maximally ca. 150 EJ, 
with ranges in other models of about 50-250 EJ. This is 
basically within the range of the indicated biomass 
resource potentials. In particular, the residues and 
wastes can cover a very significant part of the demand 
to start with. Specifically, production of transport 
fuels (based on lignocellulosic biomass via second- 
generation technologies) is expected to play a domi¬ 
nating role on medium term. Biomass use for materials 
and feedstock adds to the demand, but is a minor factor 
in total demand based on most current model results, 
although this area has still received limited attention. It 
should be noted though that the indications given by 
the IPCC, MARKAL, and TIMER are based on relative 
cost-effectiveness (e.g., costs per ton of C0 2 emission 
avoided). Other drivers, such as energy security and 
rural development could result in sustained policy sup¬ 
port in particular for biofuels. This may increase 
demand for biomass considerably. In addition, the 
total energy demand is uncertain and in the higher 
projections, biomass demand may rise well over the 
indicated 150 EJ. 

It should be noted that the energy model results are 
in particular sensitive to assumptions on the expected 
performance of advanced conversion technologies 
(such as second-generation biofuel production pro¬ 
cesses). It should also be noted that there is a wide 
range of energy models available which may yield dif¬ 
ferent results than listed here. The main drivers for 
biomass demand though will not be different using 
other models. 

The key studies that provided an important basis 
for the potential estimates mentioned are [4, 6, 13]. 
Given that those are among the most recent studies 
available and that in particular the Hoogwijk study 


already incorporated various limitations with respect 
to nature areas, low-productive areas, etc., these played 
an important role. The IPCC SRES scenarios used in 
the Hoogwijk analyses were used as a basis for this 
assessment as well, varying agricultural efficiency and 
using the base land-cover simulations of the IMAGE 
model. This assessment has provided several correc¬ 
tions of the available results to date, especially with 
respect to water availability, soil quality, and protected 
areas (which were excluded from the potentials for 
biomass production). These are significant and led to 
corrections to earlier estimates of the resource poten¬ 
tials as argued above. Table 4 lists the key factors that 
influence that size of the potential. 

This assessment also showed different trade-offs 
from biomass/bioenergy production on biodiversity. 
From a perspective of global biodiversity targets, dif¬ 
ferent spatial scales and both short- and long-term 
effects must be taken into account. On a local scale, 
biodiversity may benefit from growing biomass, when 
intensive agricultural practices are replaced by low- 
intensity biomass production systems (such as short- 
rotation forestry, mixed land-use systems). The large 
variation recorded in local effects deserves further 
attention for defining favored management practices. 
On a global scale, however, agricultural lands may only 
become available when food production regions will 
shift, for instance through trade liberalization. Thus, 
the short-term global biodiversity effects are intimately 
related to global land-use dynamics and especially the 
different causes of land abandonment. On the long 
term, biomass production is expected to contribute to 
reduced greenhouse gas emissions and, therefore, 
reduced climate change effects on biodiversity. A first- 
order estimate indicates that the balance between 
global biodiversity losses from increased land use and 
reduced climate change effects from biomass produc¬ 
tion alone is not beneficial for biodiversity within 
50 years. However, this conclusion is surrounded by 
considerable uncertainty, especially on climate change 
effects and also with respect to net biodiversity values 
of vegetation patterns and cropping systems. The latter 
may be strongly influenced by good practices and gov¬ 
ernance of land use. This element deserves further 
research. 

As summarized, the size of the biomass resource 
potentials and subsequent degree of utilization depend 
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Biomass Resources, Worldwide. Table 4 Overview of uncertainties and their impact on biomass resource potentials 
and recommended activities to reduce uncertainties 


Issue/effect 

Importance 

Recommended activities to reduce uncertainties 

Supply potential of biomass 

Improvement 

agricultural 

management 

*** 

Research to better understand how efficiency and livestock can be increased in 
a sustainable manner and for different settings. Insight in development pathways 
and feasible rates of improvement need to be integrated in modeling frameworks. 
Improved insights in preconditions for improvements can provide a basis for 
targeted policies 

Choice of crops 

*** 

There are clear recommendations on the importance of lignocellulosic biomass 
production systems for different settings. Under certain conditions, sugar cane and 
palmoil could still be feasible options on longer term as well. Much more market 
experience with such production systems needed in different settings, including 
degraded and marginal lands, intercropping schemes (e.g., agroforestry), and 
management of grasslands. The latter is an important land-use category on which 
current understanding and data needs improvement 

Food demand 

*** 

Increases in food demand beyond the base scenarios (e.g., up to nine billion people 
in 2050) that were the focus in this study will strongly affect possibilities for 
bioenergy. Vice versa, limited population growth will mean the opposite 

Use of degraded 
land 

*** 

Represents a significant share of possible biomass resource supplies. Experiences 
with recultivation and knowledge on these lands (that represent a wide diversity of 
settings) are limited so far. More research is required to assess the cause of 
marginality and degradation and the perspectives for taking the land into 
cultivation. Research and demonstration activities required to understand the 
economic and practical feasibility of using degraded/marginal land is needed. 

This land-use category also requires attention (e.g., via better databases) in 
modeling efforts 

Competition for 
water 

*** 

Increased water demand for conventional agriculture, domestic, and industrial use 
is a concern in various world regions, with agriculture being by far the most 
important sector in this respect. This assessment provided a first-order insight in 
how (energy) crop production potentials may be constrained by water availability, 
which is significant already in some regions and will increase in the future. 
Constraints in water supplies and sustainable management need ultimately to be 
studied at water basins scale, in interaction with local scales 

Use of agricultural/ 
forestry by-products 

** 

Residues are an important resource category. The net availability for energy 
purposes can in the future in particular be affected negatively by competing 
applications (e.g., biomaterials and traditional biomass use). Their net availability 
can be improved by better infrastructure and logistics. Key areas for research and 
sustainable management are maintaining sound organic matter levels in soils and 
nutrient balances. To some extent (especially for residues in tropical regions) more 
research and field experience to determine such levels is desired 

Protected area 
expansion 

** 

Increased ambition levels for nature reserves on a global scale can have a significant 
impact on net land availability for biomass production. Land exclusion assumptions 
in the available studies, however, seem to overlap with the potential future land 
claims for nature and further modeling work and improved databases are desired. 
Furthermore, more insights are desired in how land-use planning including new 
bioenergy crops can maximize biodiversity benefits. Evaluating biodiversity 
impacts on regional level is still a field under scientific development and more 
fundamental work is needed in this arena 
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Biomass Resources, Worldwide. Table 4 (Continued) 


Issue/effect 

Importance 

Recommended activities to reduce uncertainties 

Water use efficiency 

** 

See above under competition for water. An important factor in the equation is 
improvement of water use efficiency in both current agriculture (that could be 
achieved through efficient management adapted to the local production situation, 
increasing resource use efficiency) and in biomass production itself. Technical 
improvement potentials are considerable compared to current average practice. 
This suggests that for various areas water management is a prime design parameter 
for sustainable biomass production and land-use management. This area deserves 
considerable further research efforts, preferably linked to field experience and the 
socioeconomic environment 

Climate change 

** 

The impact of climate change on agricultural production and productivity of lands 
could be significant, but exact effects are also uncertain. Effective mitigation 
strategies, of which large-scale bioenergy deployment could be a significant 
element, will limit the influence of this factor. At this stage, this is still the objective 
of the governments that have signed the Kyoto Protocol 

Varying reported effects of climate change on natural systems and their 
biodiversity deserve further attention. Especially, variation due to using different 
indicators and modeling concepts should be better explained. This will influence 
the balance between land-use dynamics and avoided climate change effects 
Furthermore, although agriculture may face serious barriers due to climate change, 
this may also enhance the need for alternative adaptation measures to avoid soil 
losses and maintain vegetation covers. Biomass production (again especially via 
perennial systems) may then play a role as adaptation measure. Such strategies 
(under different climate change scenarios) are so far hardly studied and deserve 
further attention in future research efforts and scenario analyses 

Alternative protein 
chains 

** 

See above under food demand. Possible but very uncertain reversal of current diet 
trends, i.e., introduction of more novel plant protein products (as alternative for 
meat) could on the longer term strongly reduce land and water demand for food. 
Such options and the feasibility in terms of implementation are, however, 
insufficiently studied. Further work in this area is recommended 

Demand for 
biomaterials 

* 

Demand for biomass to produce biomaterials (both conventional as building 
material as new ones as bulk bio-based chemicals and plastics) can be a significant 
factor, but is limited due to market size (compared to demand for energy carriers). 
Furthermore, biomaterials will also end up as (organic) waste material later in their 
lifecycle, indirectly adding to increased availability of organic wastes. In many cases 
this "cascaded use" of biomass increases the net mitigation effect of biomass use. 
For some biomaterial markets specific cropping and plantation systems may be 
required due to demands of the biomass composition. Biomaterials are so far 
poorly integrated as a factor in energy models and as mitigation option. This can be 
improved in further work to understand the interactions between different flows 
and markets better (also in macroeconomic terms) 

GHG balances of 
biomass chains 

* 

The net GHG performance of biomass production systems is not identified as 
a limiting factor for the potential, provided perennial cropping systems are 
considered. Also, striving for biomass production that is similar or better than 
previous land use (e.g., grasslands that remain grasslands or trees that replace 
annual crops) generally improves the overall carbon balance. This can also be true 
for replanting of degraded lands. The key factor in the net carbon balance is 
leakage. Avoiding leakage is directly related to increased efficiency in agriculture 
and livestock and net carbon impacts of biomass production should include this 
dimension. Such dynamics should ideally also be incorporated in future modeling 
exercises 
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Biomass Resources, Worldwide. Table 4 (Continued) 


Issue/effect 

Importance 

Recommended activities to reduce uncertainties 

Demand potential of biomass 

Bioenergy demand 
versus supply 

** 

The data on potential biomass demand in future energy scenarios reported in this 
study hint that biomass demand may in fact be lower than the biomass supplies 
that could be generated in baseline scenarios used (as "OECD Baseline"). 

At ambitious levels of climate change abatement, the key demand factor is likely to 
be the use of biomass for transport fuels due to the very few alternatives available 
for oil and reducing C0 2 emissions in the transport sector. Nevertheless, long-term 
energy demand projections are also characterized by considerable variability 
(especially caused by GDP and population growth and the rate of deployment of 
energy efficiency measures at large). Demand for transport fuels, e.g., could 
therefore also be significantly higher than projected in this report and this could be 
further enhanced when policies target increased energy security and rural 
development as other priorities that are likely to favor biomass and biofuels 

It is recommended to incorporate (dynamic) biomass supply projections and 
a more diverse portfolio of conversion options (e.g., including hydrogen 
production from biomass and combined with CCS) in current models to obtain 
more coherent analyses and scenarios 

Cost of biomass 
supply 

** 

The costs of biomass supplies are influenced by the degree of land-use 
competition, availability of (different) land (classes), and optimization (learning) in 
cropping and supply systems. The latter is still relatively poorly studied and 
incorporated in scenarios and (energy and economic) models, which can be 
improved. Nevertheless, the variability of biomass production costs seems far less 
than that of oil or natural gas, so uncertainties in this respect are relatively limited 

Learning in energy 
conversion 

** 

See remarks on energy models and costs of biomass supply; better insights in 
development potentials of key technologies (second-generation systems) and 
biomass supplies will improve the quality of scenario results with respect to the 
relative role of biomass for energy (and materials) 

Market mechanism 
food-feed-fuel 

** 

To date, limited modeling efforts are available to fully interlink macroeconomic/ 
market models with biomass potential studies, especially when lignocellulosic 
biomass is concerned. To date, price dynamics and, longer-term, responses of 
agriculture (in terms of increased land use and/or increased efficiency) are also 
addressed to a limited extent. Although the long-term impacts on actual physical 
biomass resource potentials may be limited, understanding the economic 
responses to increased demand for food and bioenergy and how these affect the 
relative competitiveness of bioenergy compared to other energy supply options is 
extremely important for defining balanced policy strategies 

Linked to this, socioeconomic implications (such as impacts on rural income, rural 
employment) should be further understood 


Importance of the issues on the range of estimated biomass potentials: *** - large, ** - medium, * - small 


on numerous factors. Part of those factors are (largely) 
beyond policy control. Examples are population growth 
and food demand. Factors that can be more strongly 
influenced by policy are development and commercial¬ 
ization of key technologies (such as conversion technol¬ 
ogy for producing fuels from lignocellulosic biomass 
and perennial cropping systems), for example, by 
means of targeted RD&D strategies. Other areas are: 


• Sustainability criteria, as currently defined by vari¬ 
ous governments and market parties. 

• Regimes for trade of biomass and biofuels and adop¬ 
tion of sustainability criteria (typically to be addressed 
in the international arena, e.g., via the WTO). 

• Infrastructure; investments in infrastructure (agri¬ 
culture, transport, and conversion) is still an impor¬ 
tant factor in further deployment of bioenergy. 
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• Modernization of agriculture; in particular in 
Europe, the Common Agricultural Policy and 
related subsidy instruments allow for targeted 
developments of both conventional agriculture 
and second-generation bioenergy production. 
Such sustainable developments are, however, cru¬ 
cial for many developing countries and are a matter 
for national governments, international collabora¬ 
tion, and various UN bodies (such as FAO). 

• Nature conservation; policies and targets for biodi¬ 
versity protection determine to what extent nature 
reserves are protected and expanded and set stan¬ 
dards for management of other lands. 

• Regeneration of degraded lands (and required pre¬ 
conditions) is generally not attractive for market 
parties and requires government policies to be 
realized. 

Although this assessment was not specifically 
targeting formulation or further design of sustain¬ 
ability criteria for biomass production, the results 
provide leads for further steps for doing so. For 
criteria framework as developed in many places, it is 
evident that a number of important criteria require 
further research and design of indicators and verifi¬ 
cation procedures. This is in particular the case for 
the so-called macro-themes (land-use change, biodi¬ 
versity, macroeconomic impacts) and some of the 
more complex environmental issues (such as water 
use and soil quality) [105]. 

This study has confirmed that in principle technical 
and economic biomass resource potentials could be 
very large on a global scale (up to one third of global 
energy demand following more average projections for 
energy demand as well as biomass resource potentials). 
However, only a smaller part of the larger potential 
estimates will be almost certainly available (namely, 
the biomass residues and organic wastes). The larger 
part of the potential has to be developed via cultivation 
and has to meet a wide variety of sustainability criteria 
to avoid conflicts with respect to water use, land-use 
competition, protected areas, biodiversity, soil quality, 
and socioeconomic issues. Based on the findings in this 
assessment, for large parts of the resource potentials the 
indications are that such conflicts can indeed be 
avoided or may in parts even result in co-benefits. 
The latter could be true for using some categories of 


degraded lands (impacts on soils, water use, and bio¬ 
diversity), combined strategies for modernization of 
agriculture, and diversification of cropping patterns 
(e.g., intercropping, agro forestry systems). 

Both in size and in terms of meeting this wide array 
of criteria, annual food crops may not be suited as 
a prime feedstock for bioenergy. Perennial cropping 
systems, however, offer very different perspectives. 
These cannot only be grown on (surplus) agricultural 
and pasture lands, but also on more marginal and 
degraded lands, be it with lower productivity. Such 
cropping system represent a very diverse set of possible 
production systems, from low-intensity forestry and 
managing existing grasslands to highly productive 
plantations with short-rotation coppice systems or 
energy grasses like Miscanthus. At this stage, there is 
still limited (commercial) experience with such systems 
for energy production, especially considering the more 
marginal and degraded lands and much more research 
and demonstration work is needed to develop feasible 
and sustainable systems suited for very different 
settings around the globe. This is a prime priority for 
agricultural policy. 

Most challenging in harnessing biomass production 
potentials in a sustainable way is probably the design of 
governance and implementation strategies. Such strat¬ 
egies should allow for gradual introduction of biomass 
cropping systems into rural regions and simultaneously 
increasing agricultural and livestock productivity. 
As confirmed by this study, those productivity 
increases are an essential component to avoid 
conflicting claims on land and to strong competition 
(e.g., via increased prices for food). This assessment as 
a whole points out that policies targeting development 
of bioenergy use and biomass production should incor¬ 
porate a variety of targets and boundaries. Fulfilling 
a strict GHG criterion (e.g., 90% compared to reference 
fossil energy use) will lead to different choices for crops 
and land management compared to a situation where 
no criterion is formulated. This is also true for sustain¬ 
able management of water resources, biodiversity, as 
well as rural development. Clearly, the balance of objec¬ 
tives will be different from setting to setting (e.g., 
compare rural Africa with the EU) and trade-offs 
have to be made. It is argued here that such trade-offs 
should be explicit, balanced, and should incorporate 
clear boundaries that should be respected and used as 
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a starting point for developing biomass production in 
a given region. Governance and deployment of incen¬ 
tives (such as subsidies or obligations) could then also 
be designed to achieve just that. This is a fairly sharp 
contrast to some of the current biofuel policies 
implemented in the EU and the USA. 

Note 

This entry is to a considerable extent based on a 
reworked version of the following publication: 
Veronika Dornburg, Andre Faaij, et al. Biomass Assess¬ 
ment Assessment of global biomass potentials and 
their links to food, water, biodiversity, energy demand 
and economy - Main Report, Netherlands Research 
Programme on Scientific Assessment and Policy Anal¬ 
ysis for Climate Change. Report no: WAB 500102012, 
January 2008, p 85 + Appendices. 
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Glossary 

ADP Abiotic depletion potential 
AP Acidification potential 
bf Biomass feedstock 
BtL Biomass to liquid 
CAPEX Capital expenditures 
CED Cumulative energy demand 
CH 4 Methane 

CHP-F Combined heat, power, and fuel generation 

CML Centrum voor Milieukunde Leiden 

CO Carbon (mono-)oxide 

C0 2 Carbon dioxide 

CtL Coal to liquid 

DE Diesel equivalent 

DME Dimethylether 

EP Eutrophication potential 

eq Equivalent 

EU European Union 

€ Euro 

FOW Forest wood 
FT Fischer-Tropsch 
GtL Gas to liquid 
GWP Global warming potential 
H 2 Hydrogen 


LCA Life cycle assessment 

LCI Life cycle inventory analysis 

LCIA Life cycle impact assessment 

MeOH Methanol 

MF Maximum fuel 

MISC Miscanthus 

MJ MEGA Joule 

NMVOC Non-methane volatile organic compounds 
OPEX Operational expenditure 
P Power 

pkm Passenger kilometer 
POCP Photochemical oxidation 
R&D&D Research and development and 
demonstration 
SNG Synthetic natural gas 
SP Starting point 
SRC Short -rotation coppice 
SS Self-sufficient 
STR Straw 

TCI Total capital investment 
ZnO Zinc oxide 
x| Efficiency 

Definition of the Subject 

To meet future policy and technical targets, biofuels of 
the next generation need to be developed in parallel to 
the existing biofuel generation. However, there is no 
silver bullet yet that of the various discussed options for 
next generation biofuels (e.g., bioethanol, synthetic 
biofuels, biohydrogen based on lignocelluloses, 
biomethane) will become widely accepted within the 
future transportation sector. BtL fuels (biomass to liq¬ 
uid) are one option of future biofuels that has center 
stage of discussion due to favorable fuel properties. 
Therefore different concepts for BtL provision have 
been analyzed and compared by technical, economic, 
and environmental criteria. This is done to perform 
a consistent comparison of BtL concepts being cur¬ 
rently under development (e.g., [1, 2]). 

Introduction 

Despite national trends due to a strong increase of 
mobility of goods and persons, the energy demand 
for transportation purpose will increase significantly 
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in Europe, America, and Asia (globally about 26% until 
2020 compared to 2005) [3]. Although this sector will 
continue to primarily ask for crude oil products, hope 
is given for increased energy efficiency and maybe 
electro mobility in the years to come. Biomass is of 
particular interest within the ongoing discussion on 
sustainable mobility due to its advantages concerning, 
e.g., climate relevance and security of supply. In devel¬ 
oped and developing countries, fossil fuel price fluctu¬ 
ations, climate change issues, as well as supply security 
aspects have resulted in significant growth in the inter¬ 
est on biofuels. This development will probably 
increase independently from the also ongoing debate 
on food security and sustainability issues. 

To meet future targets, besides other promising bio¬ 
fuel options, BtL (i.e., biomass to liquid, especially 
Fischer-Tropsch fuels) have taken a center stage in the 
ongoing discussion due to its favorable fuel properties as 
synthetic designer fuel (e.g., regarding heating value, 
high cetane number, promising cloud point, low aro¬ 
matic and polyaromatic content) and thus the opportu¬ 
nity to implement BtL fuels without any adaptation into 
the existing infrastructure of fuel distribution and use. 

Within this paper selected BtL options are analyzed 
and assessed under European frame conditions. Differ¬ 
ent concepts for BtL provision are compared by tech¬ 
nical, economic, and environmental criteria. This is 
done to perform a consistent comparison of BtL con¬ 
cepts currently under development and to show both 
pros/cons as well as prospects/risks of the BtL systems 
from different viewpoints. 

Production Pathways on Synthetic Fuels 

XtL is a synonym for the production of synthetic liquid 
fuels from different raw materials. Gas to liquids (GtL) 
or coal to liquids (CtL) are currently the most impor¬ 
tant industrial processes for synthetic (liquid) fuel pro¬ 
duction. Concerning the fuel synthesis part, XtL use 
similar technologies (basically Fischer-Tropsch (FT) 
synthesis) but the raw materials and synthesis gas pro¬ 
duction - and therewith also technical aspects - are 
different. Due to historic and economic reasons, com¬ 
mercial XtL plants show different sizes and plant capac¬ 
ities. So far, primarily Fischer-Tropsch technologies 
have been implemented at industrial scale and are 
being further developed in new industrial GtL projects 


mostly in Qatar. The differences in the plant sizes 
between BtL and GtL/CtL do not obligatorily lead to 
completely new process designs along the BtL provision 
chain. There are many similarities of the production 
routes of current commercial XtL and future BtL 
plants. The relation of typical capacities of XtL plants 
being installed or planned as well as the diesel fuel 
demand in Europe is shown in Fig. 1 [4]. 

BtL Production Pathways 

The production of synthetic fuels and intermediate 
products (i.e., “designer fuels” with clearly defined 
properties) is characterized by three main steps after 
appropriate biomass pretreatment: (1) gasification of 
lignocellulosic biomass to a raw gas, (2) cleaning and 
conditioning of raw gas to synthesis gas, (3) catalytic 
synthesis of this gas to synthetic biofuels (e.g., FT, 
MeOH, DME, and SNG), and (4) final product treat¬ 
ment. The principle is shown in Fig. 2. 

Regarding biomass pretreatment for gasification, 
the mechanical-thermal biomass treatment (e.g., 
chipping and drying of solid biofuels) is technically 
mature. But processes to produce intermediate prod¬ 
ucts that can be easier transported and handled for 
gasification (i.e., pyrolysis and torrefaction) are in the 
pilot/demonstration stage. Despite the scale of 
a gasifier, no gasification system is a priori appropriate 
for biomass. Among other criteria, chemical character¬ 
istics, physical and mechanical properties of the uti¬ 
lized biomass are important. However, basically all 
types of gasification reactors for biomass (e.g., fluidized 
bed and entrained flow reactor) are still under devel¬ 
opment up to now. Furthermore, previous develop¬ 
ments on gasification were mostly not focused on 
synthesis gas production but rather on the use of prod¬ 
uct gas for CHP generation [5-10]. 

Primarily with regard to the gas purity and the 
H 2 /CO ratio, specific qualities of synthesis gas at con¬ 
stant compositions and large amounts have to be 
achieved depending on fuel synthesis (e.g., for the 
production of 100-1,000 m STP /h of FT). Because no 
gasifier system meets these requirements so far, appro¬ 
priate gas cleaning and conditioning systems have to be 
applied. During gasification, in addition to the main 
components (CH 4 , H 2 , CO, C0 2 ), impurities also are 
generated such as tars, coarse and fine particles, sulfur 
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BTL future 


5.760 bpd (*640 MW bf ) 
-^Choren £ plant 



GTL 2007, 72.000 bpd 
-»Shell, Malaysia 14.700 bpd 
-»Mossgas, South Africa 23.000 bpd 
-» Sasol/Qatar Petrol Oryx 34.000 bpd 


European diesel 
fuel demand 
approx. 

3,5 mn bpd 


Global diesel fuel demand 
approx. 13 mn bpd 


GTL 2010, 177.000 bpd 



-» Chevron Nigeria, Nigeria + 34.000 bpd 
-» Shell, Qatar, Pearl + 70.000 bpd 



CTL 2005, 150.000 bpd 
-> Sasol, South Africa 



Biomass to Liquid (BtL), Concepts and Their Assessment. Figure 1 

XtL capacities (>1,000 bpd) worldwide 



Biomass to Liquid (BtL), Concepts and Their Assessment. Figure 2 

General overview of synthetic biofuel routes 
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compounds, alkalis, halogen and nitrogen compounds, 
as well as heavy metals. Their quantities vary depending 
on the gasification process. For raw gas cleaning alter¬ 
natively low temperature wet gas cleaning or hot gas 
cleaning can be used. The effectiveness of wet gas 
cleaning (e.g., cyclone and filter, scrubbing based on 
chemical or physical absorption) has been well proven 
for large-scale coal gasification systems. Different to 
that, not all elements of hot gas cleaning (e.g., tar 
cracking, granular beds and filters, physical adsorption 
or chemical absorption, ZnO-bed, physical absorption) 
are technically mature yet. Nevertheless, hot gas 
cleaning offers benefits for the overall energy balance 
with regard to the avoidance of contaminated sewage. 
Available system components can be applied for gas 
conditioning: Hydrocarbons in the product gas can be 
converted by means of a steam or autothermal 
reforming step resulting in a higher H 2 /CO ratio. To 
achieve the required quality for fuel synthesis the water 
gas CO shift conversion is conducted as final step of 
synthesis gas production [8, 11-18]. 

Promising BtL Concepts 

At present the provision of synthetic biofuels is under 
discussion for various processes and technologies 
related to biomass feedstock treatment, kind of gasifi¬ 
cation, gas treatment, synthesis and product 
upgrading. Further on, different scales are possible 
using different types of solid biofuels and different 
potential integration schemes into existing industrial 
facilities (e.g., pulp and paper production, crude oil 
refinery, petrochemicals). In Europe currently 
discussed BtL developments focus on FT diesel and 
DME (e.g., [13, 19-23]). 

Considering this variety of potential technologies, 
the most relevant BtL production concepts in Europe 
have been analyzed for a reference plant size of up to 
500 MW bf biomass input power. This has been 
done to enable a qualitative comparison. Therefore 
the biofuel supply chains are virtually scaled. This can 
be realized by one or several plants. The decision 
whether one 500-MW b f plant or several smaller plants 
will be realized is taken based on recommendations 
given by the respective technology developer. 
Table 1 provides an overview about the different 
technologies [4]. 


Technical Assessment 

Each of the concepts has been developed within 
a specific technical and economic background that 
leads to a specific optimization of the process condi¬ 
tions. Considering that fact, differences in the technical 
performance are observed. In order to compare the most 
relevant differences, a multi-criteria assessment method¬ 
ology has been adapted and applied (e.g., [4, 24]). 
This method allows evaluating different pros and 
cons on (1) efficiency, (2) flexibility, and (3) industrial 
development status of selected BtL concepts. 
A simplified approach of this analysis is shown in 
Fig. 3. The analysis serves as a preliminary evaluation 
of selected questions (like a pre-feasibility study) rather 
than a comprehensive study. 

The quality of such an assessment is limited by the 
quality of the data. Thus, for all concepts the most 
relevant parameters for indicator calculations were 
fixed (e.g., properties and operation conditions; 
Fig. 3). Data for the concept design have been taken 
from engineering and operating experiences of existing 
concepts and demonstration plants as well as GtL and 
CtL plants. Both methodical approach and data have 
been reviewed by industry [25]. It has to be noted that 
the data and information applied for the analysis ori¬ 
gins from different sources (simulation, estimation, or 
detailed engineering) and different development status 
of the BtL concepts (pilot plants, laboratory experi¬ 
ments, or literature). 

Based on this approach selected results about over¬ 
all efficiencies as well as development status and 
R&D&D demand are summarized in the following. 

Overall Efficiencies 

One of the main process indicators (also with high 
relevance for economic and environmental issues) is 
the overall efficiency of the conversion plant. To cal¬ 
culate efficiencies different definitions are possible 
and legitimate in so far as coherent boundary defini¬ 
tion is ensured (cf. [4]). Figure 4 summarizes the 
results of the efficiency calculation based on the so- 
called CHP-F method (cf. Eq. 1); the appropriate 
shares reflect the sum of single efficiencies, whereby 
the shares are representing the parts listed in the legend 
of the figure. 
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Biomass to Liquid (BtL), Concepts and Their Assessment. Table 1 Overview of assessed BtL concepts (European 
conditions) 


Concept 

1 

2 

3 

4 

5 

Pretreatment 

Mechan./thermal 

Drying 

— 

Drying + 
pelletizing 

Drying 

Thermochemical 

Carbonization 

Fast pyrolysis 

Residue: black liquor 
from pulp mill 3 

— 

Location 

Plant 

Decentral 

Plant 

Gasification 

Entrained flow 

Circulating fluidized bed 


Chemical 

quench 

Quench 

Autothermal 

Allothermal 

Main gas 

Conventional physical absorption 

Dedicated technologies 

cleaning/ 

conditioning 

Selexol 

Rectisol 



Synthesis (reactor, 
catalyst) 

Tubular fixed 
bed reactor, Co 

Slurry bubble 
column reactor, Co 

Conventional 
indirect MeOH-DME 

Tubular fixed 
bed reactor, Fe 

Slurry bubble 
column reactor, Fe 

Fuel upgrading 

Distillation, hydrocracking 

Distillation 

External upgrading in refinery 

Main fuel product 

FT diesel 

FT raw product 

DME 

FT raw product 

By-products 

Naphtha, 

electricity 

Electricity 

— 

Electricity 

Electricity 

Plant scale b 

Medium 

Large 

Medium 

Medium 

Small/medium 

Industrial 

integration 0 

Stand alone/ 
location specific 

Refinery 

integration 

Pulp mill 

Refinery 

upgrading 

District heat and 
refinery 


a No explicit thermochemical product: residue of pulp mill 
b Plant scale focused by the concept developers 

integration of mass and energy flows of the BtL plant with other industrial plants/consumers 


^BTL ^co—fuels T ^by-products / 1 \ 

V = -K- Z - (!) 

Mnput streams 

The CHP-F method is based considering co-fuels and 
by-products fuel as target power (i.e., BtL). They are 
useful for other applications and have not to be gener¬ 
ated by another conversion process. Therefore by¬ 
product powers are added to the target power and 
equal to another. 

According to that, significant differences exist 
between the concepts that are mainly influenced by 
the choice of synthesis and the integration of mass and 
energy flows of the BtL plant with other industrial 
plants/consumers (i.e., development focus/design 


specificity). Related to the produced fuel the produc¬ 
tion of DME as annex concept of a pulp and paper mill 
(concept 3) is the most efficient. This is due to 
a higher efficiency of the DME synthesis compared 
to the other synthesis routes (like Fischer-Tropsch 
hydrocarbon production) and the process integration 
of heat and power provision within a pulp and 
paper mill. 

With todays design and technology for FT diesel 
production (scenario “starting point” (SP)), the highest 
efficiency could be achieved by the entrained flow gasifi¬ 
cation concept (concept 1). In the future, a CFB gasifica¬ 
tion concept (concept 5) shows promising opportunities 
to achieve one of the best diesel efficiencies. Reasons for 
this are optimized energetic integrations (e.g., heat or tail 
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Biomass to Liquid (BtL), Concepts and Their Assessment. Figure 3 

Simplified approach for the assessment of technical aspects 


CTL (FT) GTL (FT) 



0 10 20 30 40 50 60 70 80 


Overall efficiency (%) 

(Scenarios: SP - Starting Point,Technology 2004; SS - Self Sufficient, 
Technology 2020, MF- Maximum Fuel,; Technology 2020) 


Biomass to Liquid (BtL), Concepts and Their Assessment. Figure 4 

Overall efficiencies of assessed BtL concepts and efficiency ranges of CtL and GtL concepts 
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gas recovery) within these concepts. The technical mea¬ 
sures shown with these concepts are possible in princi¬ 
pal (theoretically) but have to be confirmed within 
future demonstration plants. 

Development Status and R&D&D Demands 

In addition to efficiency and flexibility, the technical 
assessment of the different concepts has been extended 
to a preliminary qualitative evaluation of the develop¬ 
ment status of the technologies involved. This has been 
done based on an industrial perspective. A selection of 
criteria relevant to industry have been applied to ana¬ 
lyze the overall concept, the gasification, the gas 
cleaning, and gas conditioning as well. The selected 
criteria (e.g., feedstock flexibility, scale-up issues, pro¬ 
cess design, and energy integration issues) allow 
addressing some of the most critical challenges in the 
implementation of new and complex technologies. 
However, they are based on qualitative assessment 
and should not be considered as a quantitative 
measurement of relative maturity of the different 
concepts. 

Considering these indicators, there are significant 
differences between BtL concepts under development 
in Europe. This is mainly caused by the different time 
frames of process developments of the technology pro¬ 
viders (i.e., more than 10 years up to only 3 years) and 
the development focus (i.e., from research institutes up 
to industrial enterprises with different departments for 
engineering, construction). Regardless these large differ¬ 
ences, it has to be pointed out that none of the concepts 
can be called “proven technology” and can be bought 
off-the-shelf. Some of the concepts show a promising 
maturity justifying the development of a first 
industrial demonstration project in, e.g., 50 MW bf 
range together with (industrial) monitoring. Others 
need further development and demonstration in pilot 
scale (<10 MW bf range) also including monitoring. 

Based on such an analysis and evaluation of BtL 
concepts in Europe, the research, demonstration, and 
monitoring demands have been identified as key issues 
(e.g., [ 1 ]). The focus of these works can be summarized 
as follows: 

1. Feedstock flexibility. Only certain biomass feed¬ 
stock have been already tested in pilot plants; for 


direct gasification technology the ongoing develop¬ 
ment is focused basically on woody biomass. For 
practical reasons (e.g., diversification of biomass 
origin with regard to biomass supply including 
storage, conditioning, and transport issues and 
costs) commercial plants will be adapted to few 
defined biomass types. 

2. Gasification. Basically biomass-based CFB gasifier 
show a higher maturity than the EF gasifiers. There¬ 
fore they are more suited for near-future industry 
application. There is a further need for R&D activ¬ 
ities in the promising and generally advantageous 
EF gasifier. Feedstock preparation concerns aspects 
like integration of feedstock with a low ash melting 
point into CFB gasifier (cf. concept 4, 5), thermo- 
chemical pretreatment for EF gasifier (cf., e.g., con¬ 
cept 2), handling of feedstock of different qualities, 
and feeding into pressurized reactors. 

3. Gas cleaning and conditioning. Despite that some 
of the concepts will apply high maturity gas treat¬ 
ment technologies, they need to be adapted to 
biogenous raw gases of different gas qualities. The 
concepts 1-3 apply the well-adapted and commer¬ 
cially proven Selexol or Rectisol unit. The other 
concepts include technologies that are adapted for 
tolerant synthesis but not yet proven commercially. 
This is especially true for low temperature gasifier 
(i.e., CFB in concept 4, 5). 

4. Synthesis, raw product upgrading including refinery 
integration of syncrude. Basically synthesis reactors are 
available commercially. For concept developers large- 
scale commercial BtL production is expected to be 
realized with difficulties without the support of the 
mineral oil and gas industry, which has the knowledge 
on large-scale synthesis and product upgrading. Pilot 
and demonstration projects can also fail because of 
lacking licences for synthesis and other units. 

5. Energetic integration. Since of important influence 
on overall plant efficiency and thus costs, process 
integration is one key issue for future plant devel¬ 
opments. However, due to the dependency of local 
conditions at plant site this aspect is less limited by 
available BtL technologies rather than by identify¬ 
ing suitable plant locations. For instance, the high- 
process integration of annex plants (cf. concept 
3 integrated into pulp mills) favor high efficiencies, 
however, only for niche applications. 
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In addition to that for further development of BtL 
plants, the most important technical issue is to develop 
scale-up strategies. These strategies have to include the 
integration of the different process steps along the 
whole supply chain (i.e., biomass feedstock to trans¬ 
portation biofuel) for demonstrating the effective 
process performances and reliability. Particularly 
concerning economic issues, industrial reliability, tech¬ 
nical performance, and operability, respectively, have 
to be demonstrated. To achieve these targets, most of 
the technical concepts analyzed and further developed 
in, e.g., [4] could be useful in some context and are 
basically predisposed by project- and location-specific 
frame conditions. For each process unit (like, e.g., 
gasifier) industrial applications exist, however, in 
a different setting (e.g., in terms of feedstock, size, 
and final product). In order to leverage maximum 
learning and progress from the current pilot and dem¬ 
onstration activities, a detailed scientific support, 
modelling and monitoring in the above-mentioned 
fields is required. 

Economic Assessment 

Typically, economic assessment is intended to eval¬ 
uate different cost alternatives in order to identify 
relative advantages, to compare different options 
with regard to omission, and to determine impor¬ 
tant influencing factors. Especially with regard to 
assess biofuel production costs, dynamic partial 
models (e.g., based on annuity) can be favorably 
applied since the accuracy is higher compared to 
static partial models due to a periodic accounting 
(VDI 6025, [26]). According to this, based on the 
different costs and revenues the annuities can be 
determined. Taking the annual production rate 
into account, the specific BtL fuel production costs 
can be calculated. The calculation approach is summa¬ 
rized in Fig. 5. 

Knowledge or assumption of several framework 
parameters is required for calculating biofuel produc¬ 
tion costs at the base case 2004 (SP scenario). Listed for 
the various cost categories, an overview is given as 
follows (cf. also [27]): 

• Capital-related costs. The determination of TCI 
costs is based on study estimation (accuracy of 
approx. 20-30%) including the method of 


additional or overhead costs. Maintenance costs 
are included by servicing costs. 

• Consumption-related costs. For the calculation of 
base case BtL production costs biomass supply costs 
of 5 €/GJ L hv have been used [28, 29]. Annual full 
load is assumed to be 8,000 h/a. Costs for process 
energy such as natural gas about 40 €/MWh NG , for 
electricity about 60 €/MWh el are assumed. 

• Operation-related and other costs. Average person¬ 
nel costs of 50,000 €/(a employee) are assumed. 
Servicing costs amount annually 3% of TCI. Other 
costs are related to TCI as well: insurance and con¬ 
tingencies of 1%/a, administration of 0.5%/a, and 
others (e.g., continuous costs, fees, or testing costs) 
of 0.75%/a. 

• Revenues. Depending on amount and quality for 
by-products, revenues can be received free plant. 
Therefore, for naphtha about 400 €/t, for electricity 
60 €/MWh e i, and about 30 €/MWh t h for heat are 
assumed. 

Moreover, a consideration period of 20 years and 
an interest rate of 10% (related to leverage and equity) 
are assumed. The annual inflation rate amounts to 2% 
for capital related, other costs and revenues; for 
consumption and operation-related costs about 3%. 

Total Capital Investment 

Total capital investment (TCI) requirements of biofuel 
production plants are highly important with regard to 
financial risks and - as it is the case for more complex 
biofuel concepts - regarding the biofuel production 
costs. The determination of TCI costs is based on 
study estimation (accuracy of approx. 20-30%) includ¬ 
ing the method of additional or overhead costs. 
According to this, plant equipment costs have been 
determined by up- or down-scaling (typical scale factor 
of approx. 0.7) of existing costs data for similar devices. 
Moreover, component-specific installation factors 
(e.g., 1.54 for large-scale to 1.66 for small-scale plants) 
are taken into account [ 14] . The investment cost figures 
given were calculated with particular references from 
literature dating from 2004 or before (e.g., [11, 14, 15, 
30-33]) and for others (e.g., that are currently in pilot 
stage) only rough estimations of technology developers 
are considered. An overview of rough estimation on 
TCI is summarized in Fig. 6. 
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Biomass to Liquid (BtL), Concepts and Their Assessment. Figure 5 

Model for calculating BtL production costs 


However, TCI for BtL plants (especially for FT 
fuels) are expected to be much higher compared to 
other existing biofuel technologies like less complex 
technologies for biodiesel based on transesterification 
or premium diesel based on hydrogenation of 
vegetable oils. They typically show TCI in a range of 
190-470 €/kW biofuel and are thus related to less capital 
risk than BtL [34]. 

With regard to economy of scale, specific TCI typ¬ 
ically decrease with increasing plant capacity. However, 
there is a continuous cost increase in the engineering 
and construction industries, which cannot be reflected 
at all. The price development of chemical plants and 
machinery (that also refers to biofuel production 


plants) is commonly indexed by means of the so-called 
Kolbel-Schulze methodology. According to this price 
index [35], the TCI for chemical plants has been 
increased by approx. 35% in the period from 2000 to 
2007. This effect will be considered within the sensitiv¬ 
ity analysis. 

BtL Production Costs 

Production costs of future biofuels have been analyzed 
for exemplary concepts at the shown data base of the 
time horizon of 2004. The results are summarized in 
Fig. 7. As the results of the economic analysis reveal, 
BtL production costs show significant differences, 
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Concept 5 


Concept 4 


Concept 3 


Concept 2 


Concept 1 



404 mn EUR (TCI) 

1 932 EUR/kW BTL (specific TCI) 


464 mn EUR 
2 247 EUR/kW BTL 


249 mn EUR 
725 EUR/kW BTL 


409 mn EUR 
1 885 EUR/kW BTL 


433 mn EUR 
1 625 EUR/kW BTL 


m Biomass treatment 
m Gasification 

s Gas cleaning + conditioning 

□ Synthesis 

H Product treatment 
E3 Synthesis + product treatment 

□ Utilities 


0 20 40 60 80 100 


Relative shares of system components on TCI (%) 


Biomass to Liquid (BtL), Concepts and Their Assessment. Figure 6 

Overview of TCI, specific TCI, and relative share of system components for BtL concepts (EUR = €) 


whereby the biomass costs at plant gate are the main 
influencing factor. Due to this fact, plant efficiency is of 
strong importance. Furthermore, capital-related costs, 
in this relation full load hours, become relevant. 

Moreover, comparing the calculated BtL produc¬ 
tion costs with consolidated results on biofuel produc¬ 
tion costs from other studies (e.g., [15, 36-42]), no 
significant cost reduction can be expected for FT fuels 
(8-47 €/GJ) and DME (13-32 €/GJ) compared to cur¬ 
rently available biofuels such as biodiesel (4-34 €/GJ) 
and bioethanol (9-45 €/GJ). 

Sensitivity Analyses 

The sensitivity analyses have been carried out for the 
determination and optimization of influencing cost 
components to the total biofuel production costs for 
the annual full load hours of the plant, biomass costs, 
and TCI impact parameters. The results are briefly 
discussed as follows. 

• Annual full load hours. For an economic and 
competitive operation of commercial BtL plants 
running hours at full load are strongly important 
(cf. Fig. 8). Even a reduction of annual hours of 
about 2,000 h/a results in an increase of BtL pro¬ 
duction cost of about 9-20% compared to the base 


case. Following Fig. 7, BtL concepts with compara¬ 
bly lower fixed costs (i.e., capital- and operation- 
related costs) or higher consumption-related costs 
(inch biomass supply costs), respectively, are 
less dependent on annual running hours (e.g., 
concept 3, 5). 

• Biomass costs. As shown in Fig. 9, BtL concepts 
with a high biomass conversion efficiency will be 
able to produce BtL at favorable costs at 
a broader biomass costs level; e.g., to produce 
BtL at a cost level of up to approx. 30 €/GJ 
biomass costs for the concept 1 can be in 
a range of up to 5.5 €/GJ, for the concept 4 
biomass should not cost more than 2.0 €/GJ. 
Nevertheless, it is expected that biofuel production 
costs will moderately increase in future due to rising 
energy prices with expected price effects for feed¬ 
stock during broad implementation of biofuel 
strategies. 

• TCI and learning curves of BtL plant. As exemplar- 
ily shown for one concept (Fig. 10), doubling of TCI 
will result in nearly about 50% higher BtL produc¬ 
tion costs (assumed that all other cost components 
will be the same). In general, it can be anticipated 
that costs for BtL production technologies will 
decrease over time because of improvements in 
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Concept 5 


Concept 4 


Concept 3 


Concept 2 


Concept 1 



H Biomass costs at BTL plant (5 EUR/GJ) 

□ Capital-related costs 

□ Other consumption-related costs 
■ Operation-related and other costs 


0 20 40 60 80 100 


Relative share on BTL production costs (excl. revenues) (%) 


Biomass to Liquid (BtL), Concepts and Their Assessment. Figure 7 

Relative comparison of BtL production costs (excl. revenues for by-products) (EUR = €) 



Annual full load BTL plant (h/a) 


Biomass to Liquid (BtL), Concepts and Their Assessment. Figure 8 

Influence of concept-specific annual full load hours (1 €/l DE = 1 €71/0.0357 GJ/I DE = 28 €/GJ BtL ) (EUR = €) 


technology and therefore annual full load. Hence, 
some estimates can be made using the long-term 
experience of similar technologies (e.g., power 
generation). Cost reductions of technologies 


(i.e., reduction of capital investment based on 
cumulative installed capacity and development 
stage) within a certain time period (e.g., present to 
2020) can be estimated using learning curves. 
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- Concept 1 

- - - - Concept 2 

— - - Concept 3 
-Concept 4 

Concept 5 


Biomass supply costs free BTL plant (EUR/GJ) 


Biomass to Liquid (BtL), Concepts and Their Assessment. Figure 9 

Influence of concept-specific efficiency and role of biomass costs to the total BtL production costs (1 €/l DE = 1 €/l/0.0357 GJ/I DE 
= 28 €/GJ BtL ) (EUR = €) 



Total capital investment BTL plant (mn EUR) 


Biomass to Liquid (BtL), Concepts and Their Assessment. Figure 10 

Influence of TCI and learning curves to the total BtL production costs (EUR = €) 


Experiences have shown that technologies display 
different capital investment reduction factors with 
regard to their development stages (i.e., R&D, com¬ 
mercialization, and further improvement); the 


assumed digression factor for commercial BtL 
plants is 0.9. Taking this so-called learning curve 
effect into account, BtL production costs can only 
be slightly reduced in future. 
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Environmental Assessment 

Assessment of BtL Concepts 

The environmental assessment of the different BtL 
concepts is done by means of a life cycle assessment 
(LCA). This takes into account not only greenhouse gas 
emissions or energy uses, but all types of environmental 
problems caused in the life cycle, e.g., eutrophication or 
land occupation issues. 

The LCA method aims to investigate and compare 
environmental impacts of products or services that occur 
from cradle to grave. All environmental impacts caused by 
a product, e.g., 1 MJ of biofuel, are assessed in 
a standardized way. It includes all the stages during the 
life cycle: the production of pesticides and fertilizers, 
the necessary transports, the conversion of the biomass 
to fuel, and all emissions in the life cycle are investigated in 
the LCA. The method has been standardized by the Inter¬ 
national Organization for Standardization (ISO) [43]. 

• Goal and scope definition. The goal of the LCA is to 
compare different production concepts of BtL fuels 


(cf. Table 1) [44]. The assessment includes all pro¬ 
cess stages from well-to-tank (WTT), i.e., biomass 
production and provision, BtL production, BtL dis¬ 
tribution to end use. The reference flow describes in 
a physical unit the final product or service delivered 
by the investigated product systems. It is the appro¬ 
priate unit for analyzing different products or pro¬ 
duction routes. Therefore, the function of interest is 
the supply of chemically bound energy (BtL) to 
powertrains. The reference flow used in the com¬ 
parison of BtL fuel production routes is defined as 
the energy content expressed as the “lower heating 
value of the fuel delivered to the tank.” Figure 11 
shows the major stages of the fuel production and 
supply part of the product system. The conversion 
processes are divided into different subprocesses 
(e.g., gasification, gas treatment, synthesis). The 
LCA relies on the recursively modelled background 
data of the ecoinvent database v2.01 [44, 45]. 

The LCA assigns the environmental impacts of foreseen 

production chains to the produced products. The 
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Flowchart/subsystems of the product system of BtL fuels 
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attribution approach is used that aims at describing the 
environmentally relevant actual physical flows to and 
from a life cycle and its subsystems. Thus, it considers 
only environmental impacts of the running processes 
and not the impacts caused by a change from one 
technology to another. Results are stable over time 
and resistant to changes in other parts of economy. 
This type of analysis does not reflect that production 
patterns might be changed due to a decision supported 
by the LCA. 

There is no standardized way or best solution of 
how to solve problems of by-products and further 
functions in life cycle inventory modelling. The ISO 
standard leaves different choices for the problem. 
Depending on the solution chosen, the results of an 
LCA might be quite different. 

In this assessment, multi-output processes are 
divided into subsystems (where possible). If this 
is not possible, the approach of allocation based on 
different relationship principles is used as far as 
possible. The allocation between wheat straw and 
wheat grains is based on prices. The allocation between 
heat and electricity in the conversion power plant is 
based on the exergy content. Irrespective of the alloca¬ 
tion approach chosen, it is intended that mass balances 
are correct in all cases. The biomass input to the 
conversion process is fully allocated to fuel production. 
No part of the biomass is allocated to the generation 
of heat and electricity, which might be produced as 
a by-product. 

• Life cycle inventory analysis. The second report 
describes the life cycle inventory analysis (LCI) for 
the LCA study [46] . In this step of the LCA, data are 
collected for all inputs and outputs in different 
stages of the life cycle of BtL fuels. 

• Biomass production and supply. Three types of 
biomass inputs are used in the conversion to BtL 
fuels. These are SRC (short-rotation wood such 
as willow-salix or poplar), MISC (miscanthus), 
and STR (wheat straw). The life cycle inventory 
data are based on regional information investi¬ 
gated for Northern, Eastern, Southern, and 
Western Europe. A critical issue in the inventory 
of, e.g., wheat straw is the allocation between 
wheat straw and wheat grain. In the base case, 
this allocation is made with todays market 


prices. This gives an allocation factor of about 
10% to the produced straw (on a per kilogram 
basis). A sensitivity analysis is calculated based 
on the energy content, which leads to an alloca¬ 
tion factor of 43% to the produced straw. 

• BtL production and distribution. Data of the 
conversion processes were provided by the dif¬ 
ferent plant developers. The data are mainly 
based on technical modelling of such plants, 
which is based on experiences and knowledge 
gained from the research work done in the pro¬ 
ject. The data are crosschecked as far as possible 
during the technical assessment of the conver¬ 
sion concepts [4]. Where so far no reliable first¬ 
hand information is available (e.g., emission 
profiles of power plants, concentration of pol¬ 
lutants in effluents, or the use of catalysts), 
assumptions are based on literature data. Thus, 
sometimes it is difficult to distinguish between 
different process routes because differences 
could not be investigated. 

All inventory data investigated are recorded in the 
EcoSpold data format. The format follows the ISO-TS 
14048 recommendations for data documentation and 
exchange formats. It can be used with all major LCA 
software products [47]. All background data, e.g., on 
fertilizer production or agricultural machinery are 
based on the ecoinvent database v2.0 [45]. They were 
investigated according to the same methodological 
rules as used here. The quality of background data 
and foreground data is on a comparable and consistent 
level and all data are fully transparent. 

Overall Results Following the methodical approach, 
the part on results focuses on the life cycle impact 
assessment (LCIA) and the interpretation of the life 
cycle assessment [48]. The data describing emissions 
and resource uses are calculated over the full life cycle 
and aggregated to the list of category indicators before 
interpretation. 

The elementary flows from the life cycle inventory 
analysis are characterized according to commonly 
accepted methodologies. The life cycle impact assess¬ 
ment (LCIA) covers several impact category indicators 
(cf. Table 2). These indicators characterize and sum¬ 
marize the contribution of individual emissions or 
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Biomass to Liquid (BtL), Concepts and Their Assessment. Table 2 Category indicators investigated in this assessment 
[49, 50] 


Category indicator 

Description of the problem and relevance for the processes investigated 

Cumulative energy demand (CED) 

The cumulative energy demand of biomass, other renewable, fossil, and nuclear 
energy resources is characterized and summed up with the reference unit MJ eq 
(MJ equivalents). 

Abiotic depletion potential (ADP) 

Important is the use of nonrenewable energy resources. The depletion of other 
abiotic resources is included in this indicator as well. The use of uranium for 
electricity generation is included with a smaller characterization factor compared 
to the CED. 

Global warming potential (GWP) 

Contribution to the problem of climate change evaluated with the global 
warming potential. Main reason for promotion of BtL fuels. 

Photochemical oxidation potential, 
non-biogenic (POCP, non-biogenic) 

Evaluation of potential contribution to the formation of summer smog. The 
production processes and agriculture have some relevance. It has to be noted 
that only a small part of NMVOC gets a characterization factor according to the 
CML methodology. All unspecified NMVOC are not assessed. Biogenic emissions 
from plant growing are not evaluated, but other biogenic emission, e.g., CO from 
biomass burning. 

Acidification potential (AP) 

Emission of acid substances contributing to the formation of acid rain. Relevant 
are air emissions from agriculture and fuel combustion in transport processes. 

Eutrophication potential (EP) 

Overfertilization of rivers and lakes due to human-made emissions. High 
relevance for the use of fertilizers in agricultural processes. 

Inventory results for resources 

Water use 

Water is a scare resource especially in Southern European countries. The indicator 
includes all types of water use including rainfall on the agricultural area, irrigation 
water, and direct uses of water in conversion processes. 

Land competition 

Fertile land area is the most important resource for production of biomass and 
there are differences between different biomass types. It is recorded in m 2 /a 
(square meter occupied for 1 year). 


resource uses to a specific environmental problem. The 
higher the figure, the higher is the potential environ¬ 
mental impact resulting from emissions and resource 
uses over the life cycle of the investigated product. 
There is no weighting used across the category indica¬ 
tors. This life cycle impact assessment evaluates the use 
of primary energy resources, the emission of green¬ 
house gases, and the potential contribution of elemen¬ 
tary flows to photochemical oxidant formation, 
acidification, and eutrophication. Besides the LCIA 
results, two cumulative results of elementary flows are 
presented. The water use sums up all demands of water 
in the life cycle including rainwater but excluding tur¬ 
bine water. For land competition, all surface land uses 
are summed up as square meter used over 1 year. 


The main drivers regarding all environmental cate¬ 
gory indicators have been analyzed [44]. They can be 
summarized as follows: 

• The major elementary flow regarding the cumula¬ 
tive energy demand is the energy bound in 
harvested biomass. Thus, the biomass production 
process accounts for 80-90% of the cumulative 
energy demand. 

• Crude oil (50-60%) and natural gas use are the 
major contributions to abiotic depletion. The use 
of uranium has only a small contribution within 
this category indicator. The resource extraction 
takes place in many different unit processes of the 
life cycle. 
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• Fossil carbon dioxide (50-70%) and dinitrogen 
monoxide (20-40%) are the major elementary 
flows with respect to climate change. Methane 
from off-gases and emissions of the internal 
power plant in the conversion plant accounts 
for up to 15% of the total greenhouse gas 
emissions. 

• A range of different substances is important with 
regard to the photochemical oxidation. The most 
important ones are sulfur dioxide, carbon monox¬ 
ide, and different NMVOC. DME emissions are 
relevant in the fuel distribution. 

• Acidification is caused by ammonia, sulfur 
dioxide, and nitrogen oxides in about equal shares. 
The emissions of acidifying substances can be 
attributed to the biomass production, direct air 
emissions of these conversion processes that release 
off-gases, and emissions from the internal power 
plant. The operation of transport devices and trac¬ 
tors is also an important source of such emissions. 

• Eutrophication is caused by nitrates, phosphates, 
ammonia, and nitrogen oxides. A share of more 
than 50% of the release of eutrophication emissions 
can be attributed in most cases directly to the agri¬ 
cultural production process. Other important 
sources of emissions are the direct air emissions 
from the conversion process and power plant. The 


production of fertilizers contributes in smaller 
amounts. 

• The water use is fully dominated by rainwater used 
in agriculture. Other water uses, e.g., in the conver¬ 
sion plant or for irrigation are not very important. 

• The results for land competition are dominated by 
the agricultural biomass production, which 
accounts for about 90% of all land uses. For the 
conversion routes based on straw, this share is 
reduced to 80%. Because of the allocation proce¬ 
dure, only a small part of the land used for wheat 
cultivating is attributed to straw. Several wood¬ 
consuming background processes, e.g., storage 
facilities, get a share of up to 20% in the land 
occupation of straw conversion routes. 

In the following, the category indicator results of dif¬ 
ferent conversion concepts are compared from well to 
tank. They are summarized in Figs. 12 and 13. Many 
category indicators like acidification, eutrophication, 
water use, and land competition show an absolutely 
dominating influence of the agricultural production of 
biomass. Thus, the type of biomass and the conversion 
rate are important in the comparison. 

The conversion rate plays a major role in the forma¬ 
tion of air emissions from the conversion plant. It is 
assumed that the higher the conversion rate, the lower is 
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Biomass to Liquid (BtL), Concepts and Their Assessment. Figure 12 

Cumulative energy demand and other resource uses based on the energy content of BtL delivered to the tank 
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Greenhouse gas emission (global warming potential) and other emissions to water, soil, and air based on the energy 
content of BtL delivered to the tank 


the share of biogenic carbon dioxide and thus also other 
pollutants that are released to the ambient air. Therefore, 
the improvement of the conversion rates and the reduc¬ 
tion of the environmental burdens of the biomass pro¬ 
duction itself are the main drivers for further 
environmental improvements of the BtL chains. 

The BtL concepts 1 and 3 have the lowest environ¬ 
mental impacts in the assessment with regard to the 
environmental indicators cumulative energy demand, 
global warming, photochemical oxidation, acidifica¬ 
tion, eutrophication, and abiotic resource depletion. 
They are followed by concept 4 and 2 process. Concept 
5 shows the highest environmental impacts due to 
a process design with a considerably high amount of 
electricity production and thus a lower biomass to fuel 
conversion rate. 

In the case of the conversion of wood, concept 1 has 
between 15% and 30% higher impacts than concept 3 
with regard to the category indicators cumulative 
energy demand, abiotic depletion, global warming, 
eutrophication, water and land use. This can mainly 
be explained with the higher conversion rate of the 
DME process. However, the concept 1 has 35% lower 
impacts in the category indicator photochemical oxi¬ 
dation, because the emissions in the DME distribution 
are higher. Concept 4 has more than 65% higher 


impacts than concepts 1 and 3. Concept 5 has a rather 
low conversion rate and thus has higher impacts in all 
category indicators except photochemical oxidation, 
which does not include biogenic emissions. 

The comparison of processes based on wood or 
straw depends not only on the type of biomass, but 
also on the difference in the conversion rate. The CFB- 
D process based on wood performs slightly better than 
processes based on straw regarding the category indi¬ 
cators of cumulative energy demand, abiotic depletion, 
global warming potential, and eutrophication 
potential. For concept 1, the process with straw has 
lower environmental impacts than the conversion of 
wood. In the case of straw conversion, concept 1 has the 
lowest impacts fin all category indicators followed by 
concept 2 and 4 process. There is only one conversion 
process using Miscanthus (concept 5). Thus, a direct 
comparison with other conversion concepts is not 
possible. 

Sensitivity Results The data of biomass conversion 
have been investigated in detail for different subpro¬ 
cesses of the process. The aim was to compare also 
different subprocesses and to see the relative share of 
subprocesses in relation to the total environmental 
impacts. 
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In general, many category indicators’ results of the 
subprocesses of the conversion process are quite depen¬ 
dent on the biomass input. The share of biomass pro¬ 
duction and provision is in most cases higher than 90% 
with respect to the cumulative energy demand, water 
use, and land competition. The second most important 
factor is the air emissions with off-gases or due to the 
energy production in the on-site power plant. This is 
especially important for the release of substances con¬ 
tributing to photochemical oxidation. Thus, the sub- 
processes using more heat and electricity contribute 
more to the total environmental impacts. 

The detailed analysis shows that it is difficult to 
compare different conversion concepts based on the 
detailed results of single process stages, because the 
allocation of environmentally relevant streams within 
the plant might be quite different. Thus, the impor¬ 
tance of the different subprocesses might be distinctly 
different even if the overall results are quite similar. 

The allocation criterion between straw and wheat 
grains has an important influence on the total impacts 
of all processes that use straw as an input. Allocation by 
energy content results in up to three times higher envi¬ 
ronmental impacts per MJ of fuel produced from straw 
as compared to allocation by actual market prices. 

A sensitivity analysis of concept 5 was made. Heat 
and electricity produced simultaneously are accounted 
for as equal products to liquid fuels according to their 
exergy content. The results of different category indi¬ 
cators are reduced by 10-30%, if the wood input for 
concept 5 is reduced by about 30% according to the 
exergy shares of fuel, heat, and electricity production. 

Different improvement options are identified from 
an environmental point of view. The most important 
one is the increase of the biofuel yield from a given 
amount of biomass. This reduces the input of biomass 
and decreases the losses, e.g., in form of air pollutants 
or effluents. Another conclusion is to improve the 
environmental profile of the biomass production itself, 
because this analysis shows that the biomass produc¬ 
tion has a dominating influence on most of the envi¬ 
ronmental indicators. Using wastes and by-products is 
therefore preferable with respect to some category indi¬ 
cators, but not always possible. Possibilities for such an 
improvement have not been evaluated in detail. 
Detailed studies of agricultural production show that 
improvements are not easy to achieve. Different 


influencing factors, e.g., fertilizer and pesticide use, 
diesel consumption, and level of yields, have to be 
balanced out to find an optimum solution. Also the 
use of wood from forests, produced without using 
fertilizers and pesticides, might be a viable option for 
the provision of biomass not yet investigated. 

For some processes, auxiliary inputs, e.g., quick¬ 
lime, are found to be an important contribution to 
some category indicators. Thus, further focus should 
be put on reducing the necessary input. In addition, 
a separate refinery treatment of FT raw products can 
increase the environmental impacts slightly. Nutrients, 
which are bound in the biomass, such as phosphorous, 
are lost with the disposal of ashes, sludge, slag, or 
effluents. Recovering these nutrients and recycling 
them for a use in agriculture might be another option 
to improve the overall performance. 

Comparison with Fossil Fuels 

A second study has investigated the use of BtL fuels and 
compared it with fossil diesel [51]. The study has been 
elaborated as a follow-up study of a recent investigation 
on several types of biofuels [52, 53]. In that study the 
environmental impacts of several biofuel options like 
biogas, plant oil methyl ethers, ethanol, and methanol 
have been investigated from a Swiss market perspective. 
The study investigated mainly renewable fuels, which 
are directly produced from a biomass resource by 
a physical, chemical, or biological process like oil press¬ 
ing, chemical reaction, fermentation, or anaerobic 
digestion. The former study concluded that with 
many biofuels it would be possible to reduce the emis¬ 
sions of greenhouse gases. But, on the other side there 
are severe disadvantages regarding several other envi¬ 
ronmental problems if biofuels are compared with 
fossil fuels. 

• Goal and scope definition. The goal is the investi¬ 
gation of the transport service provided by passen¬ 
ger cars and this is compared with the fossil 
references natural gas, diesel, and petrol. This 
includes the necessary infrastructure for roads and 
its maintenance and the production, maintenance, 
and disposal of cars. Thus, this is the evaluation of 
the full life cycle of transport services, which is also 
commonly referred to as “cradle to grave.” 
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• Life cycle inventory analysis. The inventory for fuel 
production is based on the data mentioned above 
and ecoinvent data v2.0 [48, 45]. The inventory of 
the fuel use emissions is based on information 
published by automobile manufacturers on reduc¬ 
tions due to the use of BtL fuels (cf. Table 1, here 
except concept 3). Passenger cars fulfilling the 
EURO 3 emission standards are the basis for the 
comparison. The use of DME produced from black 
liquor was not considered in the assessment because 
it does not seem a realistic option for the Swiss 
market and it is mainly meant to be used in trucks. 

The Swiss study [53] compared the environmental 
impacts of several biofuels with using fossil fuels (i.e., 
low sulfur diesel and gasoline, natural gas) in conven¬ 
tional cars. The authors used two single score impact 
assessment methods for their evaluation, namely, the 
Eco-indicator 99 (H, A) and the ecological scarcity 
2006 method [54, 55] as well as the cumulative energy 
use and the global warming potential [56]. With these 
methods, impacts of toxic substances like pesticides are 
also taken into account. 

Comparison of BtL Fuels with Fossil Fuels Figure 14 
shows a comparison of transports with passenger cars 
operated with BtL fuel and fossil fuel. The comparison 


is presented for the use of nonrenewable energy 
resources. The ranking of the different types of fuels is 
the same as already discussed on the basis of 1 MJ of 
fuel delivered to the tank [48]. Of interest is the differ¬ 
ence between the transport with cars operated on BtL 
fuel and the reference cars operated with petrol. The 
inventory of a EURO 3 passenger car is taken as the 
baseline. The use of nonrenewable energy resources can 
be reduced by 37-61% due to the use of the investigated 
BtL fuels. 

Figure 15 compares the emission of greenhouse 
gases (global warming potential over a time horizon 
of 100 years) in the life cycle of BtL fuels and fossil fuels. 
The emission of greenhouse gases is reduced between 
28% and 60% compared to the petrol car if BtL fuels 
from agricultural biomass are used. The best option 
with forest wood can reduce the global warming poten¬ 
tial by even 69%. 

Figure 16 shows the results with the method eco¬ 
logical scarcity 2006 [54]. Also here some heavy metals 
are removed from the agricultural soil during plant 
growing and thus results in the category emissions 
into topsoil are negative. All BtL fuels made from 
agricultural biomass have higher environmental 
impacts than the fossil reference. The emissions of 
nitrate are comparably higher for Miscanthus. This is 
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Global warming potential of transport services 
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Ecological scarcity (2006) points of the transport services with different fuels 


the reason for the relatively higher contribution from 
emissions into groundwater. 

For some fuels environmental impacts due to 
waste management are quite important. This is due 
to the disposal of ashes and slag from the conversion 


process. It might be possible to further improve the 
disposal or even to reuse the remaining as fertilizers in 
biomass production. So far such options have not 
been considered in the modelling of the conversion 
plants. 
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The total environmental impacts of the best option 
using forest wood are about the same as for the fossil 
reference. Thus, it is possible to produce BtL fuels 
competitive to fossil fuel as long as they do not use 
agricultural biomass such as short-rotation wood. 

Comparison with Other Biofuels A comparison 
with other biofuels is possible based on the data inves¬ 
tigated earlier [52, 53]. In comparison to other already 
available biofuels, e.g., rape methyl ether, the results are 
in the same order of magnitude. These results confirm 
the findings of a detailed LCA on existing biofuels [53] . 
Many biofuels derived from agricultural biomass are 
not preferable from an environmental point of view if 
the full life cycle is taken into account. But, BtL pro¬ 
cesses may also use wood from forestry or biomass 
residues. In comparison to short-rotation wood or 
other energy crops, this would substantially reduce 
the environmental impacts. 

It is not possible to draw general conclusions for the 
comparison of synthetic BtL fuels with, e.g., plant oils, 
ethanol, or methyl ethers. For all types of renewable 
fuels, the used biomass type is an important factor for 
the environmental impacts. Thus, better and worse 
fuels exist in each category. Neither a general advantage 
nor a general disadvantage of BtL fuels compared to 
other biofuels is confirmed here. 

The best BtL process achieves fuel yields, which 
allow driving about 50,000 km from the short-rotation 
wood grown on 1 ha. This is about the same as for sweet 
sorghum and in the upper range of the biofuels inves¬ 
tigated [53]. On the other side also greenhouse gas 
emissions per hectare are relatively high compared to 
the renewable fuels investigated in a previous study. 
The best option is again forest wood, but this fuel 
achieves slightly lower mileage per hectare than short- 
rotation wood. Concerning fuel yields per hectare, 
there is no general advantage or disadvantage com¬ 
pared to other types of biofuels. Again type of biomass 
and the large range of efficiencies lead to a wide range 
of possible results. 

Conclusions 

Synthetic fuels are of strong interest because of their 
designable fuel properties in order to provide premium 
fuels that on the one hand contribute to meet current 


and future exhaust emission standards and on the other 
hand allow the use of several raw materials for their 
production. BtL fuels are one option of future biofuels. 
There are various concepts to provide liquid synthetic 
biofuels based on solid biomass. So far it is open that 
conversion route will be implemented into the market 
on the background of given techno-economic con¬ 
straints and necessary environmental benefits. Within 
this paper five different concepts for BtL provision 
being currently developed (i.e., FT diesel and DME) 
have been compared consistently by specific technical 
and economic criteria under European frame condi¬ 
tions. The results can be summarized as follows. 

• The technical assessment has shown that none of the 
BtL concepts discussed so far has reached an indus¬ 
trial production level. Rather each of these concepts 
represents a technology leader in terms of specific 
aspects. An operation of the existing pilot and dem¬ 
onstration projects could be demonstrated in few 
cases and made know-how available for detailed engi¬ 
neering of BtL plants on the large scale. The technical 
measures shown for these concepts are possible in 
principal (theoretically) but have to be confirmed 
within future demonstration plants. The overall effi¬ 
ciencies could reach a range of 37-64%. They are 
mainly influenced by the choice of synthesis (here 
concept 3 shows favorable results) and the integration 
of mass and energy flows of the BtL plant (as the 
favorable results present for concept 1 and 5). Impor¬ 
tant issues that need to be addressed for further 
R&D&D covers aspects like feedstock flexibility and 
preparation for biomass gasification (e.g., regarding 
feedstock qualities and pressurized reactors) and 
commercial prove of gas cleaning and conditioning 
(e.g., for CFB gasifiers). Moreover support of the 
mineral oil and gas industry is important for synthe¬ 
sis, raw product upgrading including refinery integra¬ 
tion of syncrude (especially for FT fuels) as well as 
energy integration for high efficiencies are necessary. 

• From the economic assessment it can be concluded 
that BtL technologies are much more capital inten¬ 
sive than for, e.g., conventional biodiesel fuels, 
and thus of high capital risk concerning financing 
investors attractively. BtL production costs strongly 
depend on biomass costs and therewith on the 
biomass to biofuel conversion efficiency. Thus, 
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favorable options are concepts with high conversion 
efficiency (e.g., concept 3), process integration 
(e.g., concept 1 and 5), and/or the conversion of 
low-cost biomass residues. Moreover - according to 
high TCI - parameters like capital-related costs and 
thus annual full load hours are of importance for an 
economic plant operation. Considering TCI costs 
reduction due to learning curves and increasing 
experiences for commercial technology application, 
the overall BtL production costs can only be 
reduced slightly. Thus, BtL costs are expected to be 
higher compared to other biofuels. 

• The environmental assessment confirms that BtL 
fuels promise positive effects only regarding green¬ 
house gas emissions and use of nonrenewable 
energy resources, depending on their concept and 
frame conditions. The type of biomass input and 
the conversion rate to the final fuel are quite impor¬ 
tant. The emissions of greenhouse gases due to 
transport services can be reduced by about 60% 
with the best BtL processes using short-rotation 
wood or straw as a biomass input. This is compa¬ 
rable to other types of biofuels made from agricul¬ 
tural biomass resources. With forest wood, 
reductions up to 69% are possible. On the other 
side, there are severe disadvantages from an envi¬ 
ronmental point of view if fuels are produced from 
agricultural biomass. The introduction of BtL fuels 
made from energy crops would further increase 
environmental problems mainly caused due to 
todays agricultural practice. Emissions of sub¬ 
stances contributing to eutrophication and acidifi¬ 
cation are much higher than those of transport 
services based on fossil fuels. Direct emissions of 
the conversion plant and transport issues are less 
relevant as long as legal limits are maintained and 
biomass is not transported over very large distances. 

Future Directions 

So far all data for the conversion processes are based on 
modelling and not on commercial plants. Due to the 
variety of conversion concepts and possible biomass 
resources, it is not possible to make generally valid 
statements concerning the overall impacts of BtL fuels 
compared to other types of renewable or fossil fuels. All 
the aspects, however, especially the environmental 


impacts of BtL fuels have to be reevaluated when BtL 
fuels are introduced to the market in a commercial way. 
To quantify the real impacts it is necessary to know the 
type of biomass used and key figures of the conversion 
plant, in particular the conversion efficiency, amount 
and revenues of by-products, emissions and wastes. 

In order to leverage maximum learning and pro¬ 
gress from the current development activities for BtL, 
a detailed scientific support, modelling and monitoring 
of the overall process, and its integration into the 
energy system is strongly required in the years to 
come if BtL should contribute to cover the energy 
demand in a sustainable way. 
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Glossary 

Anaerobic digestion Decomposition of biological 
wastes by microorganisms, usually under wet con¬ 
ditions, in the absence of air (oxygen), to produce 
biogas. 

Biodiesel Biodiesel refers to a diesel-type fuel pro¬ 
duced by transesterification of vegetable oils or 
animal fats. 

Bioenergy Energy produced from the conversion of 
organic matter. 

Bioethanol Alcohol with a two carbon structure and 
the molecular formula C 2 H 5 OH. 

Biofuel A liquid or gaseous transport fuel produced 
from biomass. 

Biogas A combustible gas derived from decomposing 
biomass under anaerobic conditions. Biogas nor¬ 
mally consists of 50-60% methane, 25-50% carbon 
dioxide, and other possible elements such as nitro¬ 
gen, hydrogen, or oxygen. 

Biomass Non-fossilized organic material of plant and 
animal origin. 

Bio-SNG Bio Synthetic Natural Gas is a gas that meets 
the quality standard of natural gas derived from 
syngas produced from the gasification of biomass. 
Butanol Alcohol with a four carbon structure and the 
molecular formula C 4 H 9 OH. 


Combustion (of biomass) The process of converting 
biomass fuel into heat, water, and carbon dioxide, 
though reaction with oxygen present in air. 

Energy crops Crops grown specifically for energy. 
These include food crops such as corn and sugar¬ 
cane, and nonfood crops such as poplar trees and 
switchgrass. 

Fermentation Conversion of carbon-containing 
compounds by microorganisms for production of 
fuels and chemicals such as alcohols, acids, or 
energy-rich gases. 

Fischer-Tropsch (FT) process Catalyzed chemical 
reaction in which syngas from gasification is 
converted into a liquid biofuel for gasoline, diesel, 
or kerosene displacement. 

Gasification A thermochemical process at elevated 
temperature and reducing conditions to convert 
a solid fuel to a gaseous form (CO, H 2 , CH 4 , etc.), 
with char, water, and condensibles as minor 
products. 

Hydrotreating Process which consists of the addition 
of pairs of hydrogen atoms to a molecule. 

Lignocellulosic ethanol Ethanol produced from 
lignocellulosic material. 

Organic Rankine cycle (ORC) A Rankine cycle is 
a closed circuit steam cycle to convert heat 
into mechanical energy in an engine. An organic 
Rankine Cycle uses an organic fluid with a high 
molecular mass instead of steam, allowing heat 
recovery from low temperature sources. 

Pyrolysis The thermal decomposition of biomass at 
moderate temperatures (greater than 400°F, or 
200° C) in the absence of air. 

Stirling engine Closed-cycle regenerative heat engine 
with a gaseous working fluid. The working fluid, 
the gas which pushes on the piston, is permanently 
contained within the engine’s system. 

Syngas Syngas (from the contraction of synthesis gas) 
is a mixture of mainly carbon monoxide (CO) 
and hydrogen (H 2 ), which is the product of high 
temperature steam or oxygen gasification of 
organic material such as biomass. 

Torrefaction Mild pretreatment of biomass at 
a temperature between 200° C and 300° C, resulting 
in carbonization. 
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Transesterification Process of exchanging the alkoxy 

group of an ester compound with another alcohol. 

Definition of the Subject 

Biomass is an extremely diverse resource that can be 
converted to multiple energy end uses (heat, electricity, 
transport fuels) through a range of mature and 
prospective technologies. Understanding the various 
options available to use biomass for energy, and their 
relative technical, economic, and environmental merits 
is important in understanding how biomass can be 
most effectively used. This understanding needs to be 
complemented by an understanding of the drivers (e.g., 
competing technologies, economic value, relative envi¬ 
ronmental benefits) for using biomass in different 
applications, and how these may change in the future. 
This chapter describes the different ways in which 
biomass can be used to produce heat, electricity, 
and transport fuels, covering a range of feedstock, 
conversion technologies, and intermediate products, 
and discusses the current and prospective use of 
biomass in different applications. 

Introduction 

Biomass can be broadly defined as any non-fossilized 
organic material of plant and animal origin. A range of 
biomass products can be used for energy, including 
products and by-products from forestry, agriculture 
and aquaculture, as well as a range of agricultural, 
industrial, and municipal residues and wastes. 

Biomass is the oldest fuel used by mankind and has 
been its main source of energy for cooking and keeping 
warm from the dawn of civilization to the industrial 
revolution [1]. Until the eighteenth century, humans 
were almost completely reliant on wood and charcoal 
for all of their energy needs, and it was not until the 
early 1800s that easily accessible coal became more 
prevalent as it drove Europe’s industrial revolution. 
Over the last century, biomass has been supplanted by 
higher energy density, easier to handle and cheaper 
fossil fuels such as coal, oil, and gas. 

However, while fossil fuel has mostly replaced the 
use of biomass, it still accounts for some 50 EJ per year 
globally, which represents roughly 10% of global 
annual primary energy consumption. While it 


represents a mere 3% of primary energy in industrial¬ 
ized countries, it accounts for 22% of the primary 
energy mix in developing countries, where it contrib¬ 
utes largely to domestic heating and cooking, mostly in 
simple inefficient stoves. Least developed countries still 
rely on biomass for over 90% for their energy needs 
[2,3]. 

At present, forestry, agricultural, and municipal 
residues and wastes are the main feedstocks for pro¬ 
ducing heat and electricity from biomass. In addition, 
a small share of sugar, grain, and vegetable oil crops are 
used as feedstocks for the production of liquid biofuels. 

The biomass resource base is potentially large, 
and so are the opportunities for its increased use in 
different energy segments in both industrialized and 
developing countries. There is significant potential to 
expand biomass use by tapping the large volumes of 
unused residues and wastes. The use of conventional 
crops for energy use can also be expanded, with careful 
consideration of land availability and food demand. 
In the medium term, lignocellulosic crops (both her¬ 
baceous and woody) could be produced on marginal, 
degraded, and surplus agricultural lands and provide 
the bulk of the biomass resource. In the longer term, 
aquatic biomass (algae) could also make a significant 
contribution. 

Over the last 3 decades, issues of energy security, 
increasing prices of fossil fuels, and global warming 
have triggered a renewed interest in biomass for the 
production of heat, electricity, and transport fuels. 
Many countries have introduced policies to support 
bioenergy, not least as a means of diversifying their 
agricultural sectors, which has stimulated sustained 
growth in the sector. This has been accompanied by 
significant developments in conversion processes, 
with many technologies introduced in the market and 
several cleaner, more efficient technologies, capable of 
producing a broader range of products, at the research, 
development, and demonstration stage. Bioenergy has 
become increasingly diversified in terms of final 
uses, and in terms of resources, with new conversion 
technologies being developed to account for the varied 
physical nature and chemical composition of the 
feedstocks available, as well as the energy service 
required. There is also growing interest and research 
in the production of chemicals from biomass, possibly 
in conjunction with the production of energy. The 
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multifunctional role of biomass, in terms of both 
the products and services it might provide, offers 
an opportunity to generate value beyond energy 
products. 

Projected world primary energy demand by 2050 is 
expected to be in the range of 600-1,000 EJ (compared 
to about 500 EJ in 2008). Scenarios looking at the 
penetration of different low-carbon energy sources 
indicate that future demand for bioenergy could be 
up to 250 EJ/year [2]. This projected demand falls 
well within the estimates of sustainable biomass supply 
potential, so it is reasonable to assume that biomass 
could sustainably contribute between a quarter and 
a third of the future global energy mix. The contribu¬ 
tion from bioenergy that is actually realized will 
depend on the cost competitiveness of bioenergy and 
on future policy frameworks, such as greenhouse gas 
emission reduction targets. 

Biomass is currently the largest global contributor 
of renewable energy in developed and developing 
countries, and has significant potential to expand 
in the production of heat, electricity, and fuels 
for transport. Further deployment of bioenergy, if 
carefully managed, could provide an even larger con¬ 
tribution to global primary energy supply; significant 
reductions in greenhouse gas emissions, and poten¬ 
tially other environmental benefits; improvements in 
energy security and trade balances, by substituting 
imported fossil fuels with domestic biomass; and 
opportunities for economic and social development 
in rural communities. 

Bioenergy Routes to Different End Uses 

There are many bioenergy routes that can be used 
to convert raw biomass feedstock into a final energy 
product. Several conversion technologies have been 
developed that are adapted to the different physical 
nature and chemical composition of the feedstock, 
and to the energy service required (heat, power, 
transport fuel). Biomass upgrading technologies 
(e.g., pelletization, torrefaction, pyrolysis) are also 
available and being developed to convert bulky 
raw biomass into denser and more practical energy 
carriers, thereby enabling more efficient transport, 
storage, and convenient use in subsequent conversion 
processes. 


The production of heat by the direct combustion of 
biomass is the leading bioenergy application through¬ 
out the world and is often cost-competitive with fossil 
fuel alternatives. Technologies range from rudimentary 
stoves to sophisticated modern boilers. For a more 
valuable and efficient use of the biomass resource, 
modern, large-scale heat applications are often 
combined with electricity production in combined 
heat and power (CHP) systems. 

Different technologies exist or are being developed 
to produce electricity from biomass. Co-combustion 
(also called co-firing) of biomass in coal-based power 
plants is the lowest cost option for solid biomass con¬ 
version to electricity. Dedicated biomass combustion 
plants, including MSW combustion plants, are also 
in successful commercial operation, and many are inte¬ 
grated with industrial or district heating CHP facilities. 
Anaerobic digestion is well suited for producing 
electricity and heat from wet organic materials, via 
the production of biogas. All these technologies 
are well established and commercially available. Gasifi¬ 
cation technology promises greater efficiency, better 
economics at both small and large scale and lower 
emissions compared with other biomass-based 
power generation options. However, reliable and cost- 
effective operation needs to be more widely demon¬ 
strated. Other technologies (such as Organic Rankine 
Cycle and Stirling engines combined with combustion 
systems) are currently in the demonstration stage 
and could prove economically viable in a range of 
small-scale applications, especially for CHP. 

In the transport sector, biofuels are widely deployed 
in several countries - mainly bioethanol from 
starch and sugar crops and biodiesel from oil crops 
and residual oils and fats. Their production costs vary 
significantly depending on the feedstock used (and 
their volatile prices), and on the scale of the plant. 
The potential for further deploying these biofuels is 
high, subject to sustainability criteria, including sus¬ 
tainable land use criteria, being met. Methane derived 
from biogas is also used in several countries (e.g., 
Sweden), mainly as a fuels for vehicle fleets, such as 
municipal buses. Many other biofuel routes are under 
investigation or being demonstrated based on a wide 
range of feedstocks (different types of residues and 
wastes and novel crops) and on biological and thermo- 
chemical conversion routes. These biofuel routes could 
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lead to a wider range of fuels which could more easily 
displace greater quantities of fossil fuels. 

Further development of bioenergy technologies is 
needed mainly to improve the efficiency, reliability, and 
sustainability of bioenergy chains. In the heat sector, 
improvement could lead to cleaner, more reliable 
systems linked to higher quality fuel supplies such as 
pellets. In the electricity sector, the development of 
smaller cost-effective electricity or CHP systems could 
better match local resource availability. In the transport 
sector, improvements could lead to a wider range of 
higher quality and more sustainable biofuels, 
expanding their use across different transport sectors 
(e.g., aviation). Ultimately, bioenergy production may 
increasingly occur in biorefineries where transport 
biofuels, power, heat, chemicals, and other marketable 
products could all be coproduced from a mix of bio¬ 
mass feedstocks. 

Combustion 

Combustion is the simplest means of generating heat 
from relatively dry biomass. Technologies range from 
open fires and simple stoves rated at a few kW 
(3-50 kW) to sophisticated installations that combine 
heat and electricity production (CHP) which can service 
the needs of an entire community or industrial complex, 
to large plants of hundreds of megawatt capacity. 

Burning biomass in an open fire has a low efficiency 
(~ 10—15%) and, in developing countries, where this is 
the primary source of heat for cooking, there have been 
major efforts to replace open hearths with simple stoves 
in order to conserve limited supplies of fuel and 
improve living conditions [4]. In industrialized coun¬ 
tries, there is also a major market for biomass for 
domestic heating. Modern domestic biomass boilers 
can provide efficiencies of 70-90% and may include 
automated fuel feed, catalytic gas cleaning, and increas¬ 
ingly make use of standardized fuel such as pellets [5]. 
Biomass heating is well developed in European 
countries with good resource availability. In Sweden, 
in particular, a large and growing market has developed 
for biomass pellets, which are fired in automated 
systems [5]. 

Pellets are more expensive than the wood chips 
from which they are derived due to the processing. 
But, they have a number of advantages: they offer 


greater energy density, are comparatively easy to trans¬ 
port and have lower moisture content (below 8%) 
compared to wood chips. Pellets can provide 
a uniform product, resulting in reliable and consistent 
performance when burnt. This uniformity is defined 
within product standards, which can also prove impor¬ 
tant in facilitating the trade of biomass feedstocks [6]. 

Domestic heat may also be provided by district 
heating, where biomass is burnt in a large-scale facility 
and the heat distributed via a network of pipes. In 
general, the bigger the combustion plant the lower the 
capital cost per unit energy supplied, and the greater 
the thermal efficiency [7]. Larger facilities can also 
accommodate more easily the use of lower quality or 
contaminated biomass (e.g., waste derived fuels). These 
fuels are lower cost but may necessitate pretreatment or 
flue-gas cleaning that are generally only economically 
viable at a larger scale [7]. 

While domestic installations produce low-grade 
heat (<100°C), large boilers produce high-pressure 
steam that can be used to generate electricity via 
steam cycles before residual heat is distributed. Such 
combined heat and power (CHP) systems can be very 
efficient (60-90%), but for maximum efficiency, they 
require large and stable heat loads. They are therefore 
economic in colder climates where district heating is 
installed, or where there is an industrial heat demand. 
Heat may also be used to provide chilling via adsorp¬ 
tion chillers, which when combined with the supply 
of electricity and heat is known as tri-generation [8]. 
In the lower capacity range, the Stirling Engine (10-100 
kW e ) and the Organic Rankine Cycle (ORC) (50-2,000 
kW e ) are suitable technologies for distributed 
cogeneration. 

A boiler combined with a steam cycle is currently 
the cheapest and most reliable route to produce power 
from biomass. While there are many relatively small- 
scale plants (e.g., 5-10 MW e ) that use low-cost sources 
of biomass local to them, the importance of economies 
of scale for steam cycle plants means that dedicated 
biomass power plants will need to be of a certain size to 
be economically viable (e.g., >30 MW e ), depending on 
the cost of biomass. The size of a plant is also generally 
limited by the availability of biomass or the cost 
of transporting biomass to it. But, the development 
of biomass trade is facilitating the development of 
larger-scale biomass power plants of hundreds of 
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MW, generally located in port areas where biomass can 
be shipped in at relatively low cost. 

The co-combustion of biomass with fossil fuels for 
heat and power production can be relevant to all scales 
of operation. Biomass co-firing activities have expanded 
rapidly in recent years, particularly in Northern Europe, 
and the most popular approach has involved the direct 
co-firing of solid biomass with coal in existing large 
power station boilers. This has proved to be the most 
cost-effective and efficient large-scale means of 
converting biomass to electricity, because of the scale 
and infrastructure associated with coal plants. 

One of the largest, most advanced, and most effi¬ 
cient biomass CHP plants in the world is the Igelsta 
plant in Sodertalje, near Stockholm, Sweden [9]. 
Commissioned in March 2010, the plant produces 
200 MW of heat and 85 MW of electricity, sufficient 
to heat around 50,000 homes and provide power for 
around 100,000 homes. 

The fuel used in the Igelsta plant is a combination 
of wood chips from forest residues (75%) and solid 
recovered fuels (25%). When running at full capacity, 
the plant uses approx. 17,000 t of fuel per week. Keep¬ 
ing the plant supplied is a major logistical operation 
and requires approx. 200 ship-loads, 200 train deliver¬ 
ies, and 12,000 road shipments per year. Wood chips 
from forestry operations are transported by road, rail, 
and boat from all over Sweden and neighboring Baltic 
countries. The recovered fuels include scrap paper, 
wood, and plastic that is not suitable for recycling and 
is sourced from offices, shops, and industries in the 
Stockholm region. Pelletized waste from similar sources 
is imported by boat from Germany and the Netherlands. 
Also imported is over 100,000 t of waste wood from 
Norway, Belgium, and the UK. The municipality 
that owns the plant considers that such fuel flexibility 
will be critical as competition for biomass increases. 

The combustion technology used at Igelsta is 
a circulating fluidized bed boiler, incorporating state 
of the art flue-gas cleaning. The heat it produces is used 
to raise steam: used first for electricity production 
(85 MW) and then to deliver low-grade heat to the local 
district heating network (140 MW). By condensing the 
steam in the flue gas, the plant is able to deliver an 
additional 60 MW heat to the heating network, and this 
gives the combined system an overall efficiency in 
excess of 90%. 


Gasification 

Gasification involves the partial oxidation of dry bio¬ 
mass at high temperatures (>500°C) and produces 
a combustible mixture of carbon monoxide and hydro¬ 
gen, along with some methane, carbon dioxide, water, 
and small amounts of nitrogen and heavier hydrocar¬ 
bons (tar) [10]. 

Heat production using small gasifiers is commer¬ 
cially established with gasification-boiler systems 
predominantly used to retrofit natural gas or heating- 
oil boilers at industrial sites that have easy access to 
woody residues as fuel, such as wood manufacturing 
sites. The systems typically produce space heat, and/or 
process heat or steam and can also be combined with 
downstream equipment such as absorption chillers and 
steam turbines to produce cooling and electricity, 
respectively [10]. 

Small- and large-scale gasifier-boiler systems have 
been developed to supply heat into district heating 
networks. In Finland, “Bioneer” gasifiers, with an out¬ 
put approximately 5 MWth, were commercialized in 
the 1980s (following on from a research program initi¬ 
ated during the 1970s), and were coupled to district 
heating boilers, but faced stiff competition from simple 
combustion technologies [115, 11]. Also in Finland, 
a gasifier was built in Fahti in 1997 to provide low- 
calorific value gas to an existing pulverized coal boiler. 
This gasifier has a design capacity of 45-70 MWth, and 
the feedstock is 50% biomass and 50% recycled wood 
and refuse derived fuel, although demolition wood and 
shredded tires have also been used. 

A potentially interesting future option for deliver¬ 
ing renewable heat is to produce a synthetic natural gas 
from biomass (Bio-SNG) by catalytically converting 
gas produced from the gasification of the biomass 
into methane and upgrading (the gas may also need 
to be enriched to ensure that the calorific value meets 
the specification required by the network) it to remove 
water and C0 2 . This gas can then be injected 
into national gas networks and used in domestic and 
industrial boilers. The technology for producing SNG 
from coal is mature, and a commercial scale gasifier has 
operated in North Dakota since 1984. Production from 
biomass, however, is still at a pre-commercial stage. 
Interest is growing, however, and large-scale demon¬ 
stration projects are currently being planned in the 
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Netherlands (10 MWth) and Gothenburg, Sweden 
(approx. 30 MWth) [12, 13]. 

Cogeneration of heat and power on a small scale has 
been attempted using fixed bed gasifiers coupled to 
modified diesel engines (100-200 kW e ). The principle 
motivation has been to provide small-scale electricity 
supply to rural locations in developing countries, 
though several other demonstration projects have 
been developed elsewhere (e.g., in Europe and the 
USA), with the aim to develop a low-cost small-scale 
electricity generation system. In India, it has been 
reported that 1,844 biomass gasifier systems with an 
aggregate capacity of 62 MW e were deployed by 2004 
[14]. Costs, maintenance, and automation require¬ 
ments have hindered the deployment of such systems 
outside a developing country context. 

A plant in Gussing, Austria, provides a larger-scale 
example of a gasifier coupled with a gas engine to 
produce electricity and provide heat to the local district 
heating system. This plant runs on wood chips from the 
local area and has a fuel capacity of 8 MW and an 
electrical output of about 2 MW e [15]. In 2010, total 
operating hours since commissioning in 2002 were 
reported as 43,000 h for the engine and 53,000 h for 
the gasifier, making this one of the most successful 
biomass gasification demonstrations [16]. 

Combining intermediate scale (approx. 10 MWth) 
gasification with a combined cycle gas turbine was the 
focus of significant attention in the 1990s. This concept 
(known as Biomass Integrated Gasification Combined 
Cycle (BIGCC)) is theoretically appealing because it 
could provide a greater ratio of electricity to heat and 
allow for larger-scale electricity generation from gasifi¬ 
cation systems. Demonstration projects were initiated 
and undertaken in Sweden, the UK, and the USA, but 
the technology has proven difficult to commercialize so 
far: costs remain very high and cleaning the gas to the 
specification required by the turbine has proved more 
difficult than expected. Thus far, the technology as 
a whole remains pre-commercial [5]. 

Gasification is an important component of several 
of the proposed new biofuel production routes, such as 
catalytic routes to diesel, gasoline, naphtha, methanol, 
ethanol and other alcohols, and syngas fermentation 
routes to ethanol. Many of the component technologies 
for some of these routes, such as feedstock preparation, 
gasification, and Fischer-Tropsch or methanol 


synthesis are commercially viable or technically mature 
for other applications. However, the systems as a whole 
are at the early demonstration stage worldwide, with 
further development and learning needed to achieve 
commercially viable fuel production [10]. 

Anaerobic Digestion 

Wet and green biomass can be used to produce 
biomethane via anaerobic digestion (AD). This tech¬ 
nology is fully mature and has been commercially 
applied at scales ranging from household digesters 
(approx. 2 m ) to large municipal waste treatment 
facilities. All types of biomass can be used as substrates 
for biogas production as long as they contain a high 
proportion of carbohydrates, proteins, fats, cellulose, 
and hemicelluloses. Highly lignified biomass - e.g., 
wood - is not suitable without pretreatment due to 
the fact that lignin cannot be anaerobic decomposed 
by existing bacteria [17]. 

Anaerobic digestion produces biogas and digestate. 
The digestate comprises residual indigestible material 
(e.g., lignin) and dead microorganisms; it contains 
valuable plant nutrients like nitrogen and potassium 
and can be used as a fertilizer and soil conditioner [ 18] . 
The biogas is a mixture of methane (ca. 60%), carbon 
dioxide (ca. 40%), and trace contaminant gases 
such as hydrogen sulfide; it can be burnt to provide 
heat, electricity, or both. The biogas can also be 
stripped of the carbon dioxide, and the methane 
purified and compressed or liquefied to be used as 
a fuel for vehicles. Alternatively, the methane can also 
be injected into the natural gas grid, and several 
countries, such as Germany, Sweden, and Switzerland, 
have defined quality standards for biogas injection 
into the grid [19]. 

The world’s biggest biogas producer is China, 
where, in 2007, there were an estimated 26.5 million 
biogas plants, with a gas output of 10.5 billion m [20] . 
The construction of biogas digesters has also been a key 
part of the development of renewable energy sources in 
India where an estimated 3.9 million digesters were 
installed by 2006; the vast majority of these are fam¬ 
ily-scale digesters based on cow dung and used for 
producing fuel for cooking [21]. 

In Europe, biogas generation for electricity produc¬ 
tion has grown rapidly. In early 2010, about 5,900 
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biogas plants with an installed electrical capacity of 
2,300 MW e were operational, and it is predicted that 
more than 3,000 biogas plants with an electrical capac¬ 
ity of more than 1,700 MW e will be constructed 
between 2009 and 2013. Germany is the country with 
the largest installed capacity, but an increasing number 
of EU Member States are creating the necessary regu¬ 
latory frameworks to encourage growth of the national 
biogas industries [22]. Germany also hosts the worlds 
largest biogas plant at Gustrow. This plant started in 
2009 and has a capacity of 50 MWth. The plant can 
digest 450,000 t of biomass (maize, grain, and silage) 
per year. The gas is upgraded and injected into the gas 
grid, and the digestate is returned to the fields [23]. 

Anaerobic digestion is little developed in the USA, 
and as of 2010, there were only 151 digesters 
with a capacity of about 37 MW e (and 6 MWth). The 
majority (80%) of these plants are located at dairy 
farms [24]. 

Fermentation and Other Microbial Routes 

Sugar from crops such as sugarcane and sugar beet is 
easily fermented to ethanol using yeast in a process 
known for millennia by mankind. Starches from 
crops such as corn and wheat can also be easily 
converted to sugars that can then be fermented to 
ethanol. Ethanol production using fermentation is the 
cheapest and most commonly used production route 
for biofuels for transport. The main producing coun¬ 
tries are the USA, based on corn/maize, and Brazil, 
based on sugarcane. There are around 200 ethanol 
plant is the USA for a total production capacity of 
around 50 billion liters, and around 400 plants in Brazil 
for a total production capacity of around 25 billion 
liters. In Brazil, ethanol plants coproduce ethanol and 
sugar for the food market. Corn ethanol plants 
coproduce dry distillers grains and solubles (DDGS) 
that are used as animal feed. 

Cellulose and hemicellulose, which together with 
lignin make up most forms of plant biomass, can be 
broken down into sugars, which can then be fermented 
into ethanol. Lignocellulosic materials, such as straw, 
grass, and wood, are more difficult to break down than 
starch, and therefore require more complex 
pretreatment to release the constituent sugars from 
the biomass. Lignocellulosic ethanol conversion 


technology is at the demonstration stage, with demon¬ 
stration plants being developed globally. The USA is 
where most lignocellulosic ethanol activity is centered, 
and 28 projects are under development. 

Sugars can also be converted by microbial processes 
into higher alcohols, e.g., butanol, and into longer 
hydrocarbon chains, that could replace gasoline, diesel, 
and jet fuel. Microbial butanol production is commer¬ 
cial, but the majority of alternative processes are at an 
early stage of development. 

Transesterification and Hydrotreating 

Vegetable oils are converted to biodiesel by reacting 
them with an alcohol in the presence of a base or acid 
catalyst, a process known as transesterification, which 
improves the fuel properties of the biodiesel compared 
to a straight vegetable oil. Biodiesel is produced glob¬ 
ally by transesterifying a range of vegetable oils such as 
rapeseed, sunflower, soy and palm oil, as well as used 
cooking oils and animal fats. Most biodiesel produc¬ 
tion occurs in Europe, with a production capacity of 
around 20 million tons. 

An alternative commercial process for the produc¬ 
tion of renewable diesel is hydrogenation, which con¬ 
sists of reacting the vegetable oil with hydrogen in the 
presence of a catalyst. It produces a renewable diesel of 
superior quality (with higher blending potential) to 
that obtained via transesterification, and could also be 
used to produce renewable jet fuel. However, hydroge¬ 
nation is a more complex process that requires large- 
scale installations, and as such, is less deployed to date, 
with a few plants in Europe and South-East Asia. 

Alternative sources of oils to conventional oil crops 
are being developed which could extend vegetable oil 
production to areas less suitable or not suitable for food 
crops and which would not compete with them. Exam¬ 
ples of these alternative sources of oil are crops like 
jatropha and algae. 

Pyrolysis and Other Thermochemical Processes 

Pyrolysis is the controlled thermal decomposition of 
solid biomass occurring at around 500°C in the absence 
of oxygen (anaerobic environment) and produces 
a liquid bio-oil, gas (syngas), and charcoal (biochar) 
mix. Bio-oils can also be produced by liquefaction in 
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the presence of water, and possibly additional solvents 
(e.g., methanol), at high pressure (120-200 bar) and 
relatively mild temperatures (300-400°C) in a process 
is known as hydrothermal upgrading (HTU). One 
attractive feature of this process is that wet biomass 
can be used directly and yields a bio-oil that is less 
soluble in water. 

Compared to raw solid biomass, bio-oil should be 
cheaper to handle, store, and transport. Also, the 
energy density (per unit volume) of bio-oil is higher 
than that of pellets or torrefied biomass, which gives it 
a competitive advantage in terms of transport cost. 

Bio-oil could be upgraded and used as a transport 
fuel, providing an efficient route to fuels that could be 
closely integrated with a petroleum infrastructure. It 
could also be used as fuel for heating and electricity 
generation, or to produce valuable chemicals. 

In spite of these advantages and recent advances, 
these technologies are at the demonstration stage. Only 
a few successful pyrolysis demonstration units have 
been realized (e.g., in Finland and Canada), and both 
economic and technical issues around quality, consis¬ 
tency, and long-term stability of the bio-oil, which 
tends to degrade over time, remain to be addressed. 

Overview of Current and Future Biomass Use 

The predominant use of biomass today consists of fuel 
wood used in noncommercial applications, in simple 
inefficient stoves for domestic heating and cooking in 
developing countries, where biomass contributes 
some 22% to the total primary energy mix. The 
IEA [3] estimates that about 2.7 billion people will 
still be dependent on biomass for cooking in 2030. 
There is significant scope to improve the efficiency of 
this use and its environmental performance, and 
thereby help reduce biomass consumption and related 
impacts. 

In industrialized countries, the total contribution of 
modern biomass is on average only about 3% of total 
primary energy and consists mostly of heat-only and 
heat and power applications [2]. Current heat and 
electricity market segments which are experiencing 
growth include domestic heat supply (e.g., pellet 
boilers), large-scale industrial and community CHP 
generation (particularly where low-cost feedstocks 
such as forest residues, bagasse, MSW, etc., are 


available), and co-firing in large coal-based power 
plants. The deployment of dedicated electricity plants 
has been mainly confined to low-cost feedstocks in 
relatively small-scale applications, such as the use of 
biogas and landfill gas from waste treatment. However, 
several relatively large-scale dedicated plants (of up 
to a few hundred megawatts) fuelled with wood chips 
are being developed around the world, generally 
because of a strengthening in national renewable 
energy policies. 

Transport biofuels are currently the fastest growing 
bioenergy sector, receiving a lot of public attention. 
They represent only 1.5% of total road transport fuel 
consumption and only 2% of total bioenergy, but are 
expected to play an increasing role in meeting the 
demand for road transport fuel [2]. 

Overall, world primary energy demand from 
biomass and waste is expected to grow from 1,176 
Mtoe (1 Mtoe = 0.042 EJ) in 2007 to 1,604 Mtoe in 
2030 in the IEAs Reference Scenario [3], representing 
10% of total primary energy. Biomass use for power 
generation goes from 84 Mtoe in 2007 to 257 Mtoe in 
2030 (4% of electricity), corresponding to 259-839 
TWh (1 TWh = 3.6 PJ) of electricity produced and an 
installed capacity of 46-146 GW. Biomass use for 
biofuels goes from 34 Mtoe in 2007 to 133 Mtoe in 
2030 (4% of transport fuels). 

In the IEAs 450 Scenario (where C0 2 in the atmo¬ 
sphere is stabilized at 450 ppm in the period to 2050), 
biomass use is higher than in the Reference Scenario in 
2030 (350 Mtoe higher), representing 16% of total 
primary energy demand. Major increases in the use of 
biomass are predicted in all sectors, with use in com¬ 
bined heat and power production and in electricity- 
only power plants up by 67% (172 Mtoe) compared to 
the Reference Scenario in 2030 (contributing 5% of 
electricity), and the contribution of biofuels more 
than doubling, reaching 278 Mtoe in 2030 (contribut¬ 
ing 9% of energy for transport). The eightfold increase 
over the 2010-2030 period is estimated to occur mainly 
in those regions that already have the strongest support 
for biofuels, led by the USA and followed by the 
European Union, Brazil, and China. Biofuels 
also make a significant appearance in aviation, with 
volumes reaching 42 Mtoe globally by 2030 at a global 
blending ratio of 15% (compared to a mere 1% in the 
Reference Scenario). 
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Biomass Use for Heat and Electricity 

Biomass can be used to generate heat at all scales 
required, ranging from a single household to a large 
industrial complex, and using all types of biomass. 
Biomass-to-heat systems are commercial, and in 
many cases, they are also cost-competitive with their 
fossil fuel alternatives, particularly in locations not 
connected to a natural gas grid [2]. The principal 
technologies used to deliver modern biomass heat are 
combustion, gasification, and digestion. 

Globally, around 2.6 billion people are still reliant 
on traditional uses of biomass and burn wood, straw, 
charcoal, and dung to provide basic energy services 
such as cooking and heating [25]. This use is dominant 
in rural areas of developing countries and is associated 
with poverty and deforestation [26, 27]. Traditional 
conversion technologies, such as simple combustion 
in open hearths, also tend to be inefficient and contrib¬ 
ute to indoor air pollution which can damage health 
[28] . Using biomass in this way accounts for about 13% 
of global final energy consumption and about 87% 
(39 EJ) of global bioenergy [2], though the extent of 
biomass use is difficult to estimate accurately. 

Biomass is also extensively used for domestic 
heating in industrialized countries. While biomass con¬ 
tinues to be used in open fireplaces, mainly for aes¬ 
thetic reasons, where biomass is the main source of 
heating modern biomass conversion technologies are 
used, which provide high-quality energy services that 
are clean, efficient, and comparable in convenience 
with their fossil fuel alternatives. Estimating how 
much heat is provided via modern systems in industri¬ 
alized countries is also difficult because the heat market 
is captive to the buildings, industrial processes, and 
locations being supplied. Government statistics tend 
only to record large systems, such as district heating 
networks and power plants. 

Small appliances such as log burning stoves are 
only visible at point of sale, or if they use biomass 
that appears in retail statistics. Nevertheless, there is 
evidence of a growing market for modern boilers and 
stoves in the OECD. Within the USA, for example, it 
is estimated that approximately 800,000 households 
use wood as their primary heat source, whereas in 
the top nine European countries (Austria, Belgium, 
Denmark, Finland, France, Germany, Italy, Spain, 


and Sweden), the number of domestic stoves and 
boilers is estimated to exceed 1.3 million and 
accounts for the majority of solid biomass sold in 
Europe [25, 29]. 

In OECD countries, the volume of biomass for 
residential heat is expected to grow by 40-90% to 
reach 3.2-4.3 EJ in 2030 [3], as a result of a growing 
share of biomass in district heating systems and the 
growing market for modern boilers and stoves in build¬ 
ings. Scandinavian countries - Sweden, Finland, and 
Denmark - are leaders in biomass residential heating, 
with large systems producing more than two thirds 
of the biomass heat. In Sweden, biomass is now the 
primary energy source for the district heat sector and in 
2009 the share of energy production from biomass 
exceeded oil for the first time [25] . Sweden is the leader 
with biomass contributing close to 50% of its large- 
scale residential heat production, followed by Austria 
(24%), Finland (17%), Denmark (14%), and Norway 
(10%). On average 5% of large-scale heat is provided 
by biomass in the USA and 7% in the IEA member 
countries [30]. 

Biomass is also used to provide process heat to 
a variety of industries, mainly agricultural and forestry 
product processing industries, where electricity is often 
produced in combination with heat. Other industries 
too use biomass fuels for their processes (e.g., the use of 
charcoal in the Brazilian steel industry). Industrial use 
of biomass was about 189 Mtoe in 2007 and is expected 
to grow to 292 Mtoe in 2030 according to the IEAs 
Reference Scenario [3]. 

Worldwide, the installed capacity for biomass- 
based power generation was about 46 GW in 2007 
[3], with an estimated electricity production of 
some 259 TWh (roughly the annual total power 
consumption of Spain). This power production occurs 
mostly in: 

• Co-firing plants in countries with coal power stations 

• Combustion-based CHP plants linked to district 
heating systems (Nordic countries in Europe), and 
in large pulp and paper or food industries (e.g., 
Brazil, USA) 

• Landfill gas units and MSW incineration and anaer¬ 
obic digestion plants 

• Dedicated biomass combustion plants fuelled with 
wood chips and agricultural residues (e.g., straw) 
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Biomass Use for Transport Fuels 

Biofuels are a fast growing bioenergy sector. While 
Brazil has been producing bioethanol from sugarcane 
since the 1970s, it is only in the last decade that biofuel 
production has acquired global production signifi¬ 
cance. Biofuels, though, still represent only about 
1.5% of total road transport fuel consumption and 
only account for some 2% of the final bioenergy mix 
(in energy terms) [2]. 

Bioethanol production has grown dramatically over 
the last decade. Nearly 80% of the global supply of 
biofuels is bioethanol from Brazil (from sugar-cane) 
and the USA (from corn/maize), where plants with 
capacities up to more than 500 million liters per year 
are found. Global biodiesel production has also grown 
significantly, with most production based in Europe, 
and companies in Germany and Austria having 
established themselves as leading technology providers. 
China and India also produce significant quantities of 
biofuels, mostly of bioethanol. 

Bioethanol is used as a gasoline substitute and is 
generally blended with gasoline to different extents 
depending on fuel and vehicle specifications at levels 
between 5% and 10%. In Brazil, the ethanol blend level 
is higher (25%) and neat ethanol is also sold for use 
in vehicles. In the past, the use of neat ethanol required 
dedicated vehicles, but the successful and rapid 
introduction of flex-fuel vehicles now allows for 
switching between bioethanol and conventional gaso¬ 
line, and any blend in between. In Europe and the USA, 
the introduction of flex-fuel vehicles has also led to the 
uptake of E85, a blend of 85% ethanol and 15% 
gasoline. 

Biodiesel is used as a diesel substitute and is gener¬ 
ally blended up to between 5% and 7% with diesel, 
mainly because of limitations imposed by fuel and 
vehicle specifications. Higher biodiesel blends are 
used in fleet vehicles (e.g., trucks and buses), generally 
in the form of B30, a blend of 30% biodiesel and 70% 
diesel. In Germany, 100% biodiesel has been used in 
vehicles, through a dedicated network of refueling 
stations. 

Biomethane derived from biogas is used as a fuel, 
mainly for compressed natural gas (CNG) fleet vehi¬ 
cles. There were nine million vehicles in operation in 
2007 compared with four million in 2004. Sweden, 


with a fleet of 15,000 CNG vehicles, has a share greater 
than 55% of biomethane in natural gas for transport, 
and Switzerland over 35%. Germany and Austria are 
both aiming for 20% by 2020 [31]. 

Global biofuels supply reached about 0.8 million 
barrels per day in 2008, with most of the use and 
growth in production in North America and Europe. 
Biofuels growth remains largely driven by energy secu¬ 
rity and climate change policies, with agricultural pol¬ 
icy also playing an important role. The industry, 
however, is subject to the vagaries of the oil price and 
agricultural commodity prices, with dips in oil prices 
and rises in the prices of sugar, starch, and vegetable oil 
commodities cutting the profitability of biofuel pro¬ 
duction and placing financial strain on producers. The 
growth of the biofuels industry will also depend on its 
environmental and social sustainability. 

The use lignocellulosic feedstocks promises access 
to a greater resource and greater GHG reduction poten¬ 
tial than current ethanol and biodiesel production 
from sugar, starch, and oil crops. But routes based 
on lignocellulosic material are in the early days of 
commercialization. New biofuel technologies also 
allow biofuels to penetrate other transport fuel markets 
such as aviation fuel (e.g., production of jet fuel from 
Fischer Tropsch or hydrotreating routes). 

Future Directions 

Energy security and climate change policy are the main 
drivers for the expansion of bioenergy use. Agricultural 
policy has been - and continues to be - an important 
driver. Rising fossil fuel prices also mean that bioenergy 
is increasingly competitive in heat, electricity, and 
transport applications. However, bioenergy will com¬ 
pete for economic resources with other low-carbon and 
oil-substituting technologies in the different sectors. 

The best use of biomass depends on how it can best 
contribute to overall energy system goals. There are likely 
to be trade-offs between the different attributes bioenergy 
may contribute to meeting these goals in the different 
sectors. For example, appreciating where bioenergy can 
have the greatest impact on GHG emissions reduction 
relies on both an understanding of the emissions savings 
which could result from different bioenergy routes and 
the importance of bioenergy in reducing emissions in 
a particular sector relative to other low-carbon options. 
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The potential for innovation in bioenergy remains 
large, and so is its potential to contribute effectively to 
the future energy system across heat, electricity, and 
transport applications. 
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Glossary 

Biomethane Biomethane is produced in technical 
processes from biogenic resources. It can be gener¬ 
ated via the biochemical pathway (from biogas) and 
via the thermo chemical pathway (Bio-SNG). 
Through upgrading processes, its composition, 
focusing mainly on the methane content, is adapted 
to natural gas quality. 

Biogas upgradation Biogas upgradation is the process 
which adapts the bio gas quality to natural gas qual¬ 
ity after cleaning the biogas from trace gases (H 2 S, 
NH 3 , water vapor, and others). Within this process, 
mainly carbon dioxide is removed from the biogas. 

Biogas Biogas is a gas that is produced as waste prod¬ 
uct during anaerobic microbiological breakdown of 
organic substances. 

Landfill gas Landfill gas is a special type of biogas 
produced in landfills from the degradation of the 
organic constituents of wastes. It is characterized by 
many organic long chain trace gases. 

Sewage sludge gas Sewage sludge gas is a special type 
of biogas that is produced at wastewater treatment 
plants during the anaerobic treatment of sewage 
sludge. It is characterized by the content of 
siloxanes. 


Definition of the Subject and Its Importance 

This entry focuses on the development, its reasons, and 
the perspectives of biomethane supply from biogas 
through anaerobic digestion. This option becomes 
more and more important due to the political require¬ 
ments for reduction of greenhouse gases as well as for 
raised independency on fossil fuels coming from 
abroad. Thus, a detailed analysis of market develop¬ 
ment as well as technology development of this sector 
with about 10 years experiences is done to discuss the 
possibilities and the challenges of biomethane supply 
and its contribution to reach these targets. 

Introduction 

Biomethane can generally be produced following two 
pathways. The first and more established one is the 
upgradation of biogas from anaerobic digestion of 
wet biomass. The second one is the cleaning and 
upgradation of gas derived from thermochemical treat¬ 
ment (gasification) of solid dry biomass (e.g., wood). 
This is illustrated in Fig. 1. 

This entry will only focus on the anaerobic diges¬ 
tion pathway of biomethane supply having more than 
10 years history in industrial scale application and 
a strong technological development during this time. 
The development depends on several factors - the main 
two are the reduction of greenhouse gas emissions from 
energy supply on the one hand and the supply of 
a decentralized available energy carrier independently 
from international markets on the other hand. 

The main technological challenge of biomethane 
supply is the energy-efficient separation of almost 
pure methane from biogas containing a large share of 
carbon dioxide and shares of nitrogen, oxygen, hydro¬ 
gen, hydrogen sulphide, ammonia, and other trace 
gases. Due to the market development today, a lot of 
technologies are available and under research. 

The economic challenge of biomethane supply is 
the cost effectiveness in comparison with fossil and 
renewable fuels. In most cases, this is still not given 
today and governmental measures are in place in many 
countries to force the development of this technology. 

Based on this background the following 
description will bring some light into the history of 
biomethane production including some examples 
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Biomethane from Anaerobic Processes. Figure 1 

Pathways of biomethane production 


of biomethane plants in the world. Furthermore the 
reasons for this development will be analyzed looking 
into the realized and necessary framework conditions 
for the technology. This will be followed by an overview 
on the technologies applied and under research with their 
development potentials. The explanations are continued 
with an economic outlook for this technology. Finally 
some conclusions are drawn on the future research 
demand and the overall perspectives of the technology. 

History of Biomethane Production and Utilization 

Biogas has been produced for decades in industrial 
scale for various reasons (e.g., as means to reduce and 
stabilize sewage sludge and other wastes, to stabilize 
landfills, to reduce eutrophication within the agricul¬ 
tural sector, and last but not least, in times of 
energy supply limitations for decentralized energy 
provision). Usually the produced biogas is used to 
cover the need for cooking energy, for heat, or for 
electricity at the production site. However, mismatch 
between the biogas production and the local heat 
demand normally results in flaring, which from 


a resource and energy efficiency perspective is 
devastating. The increased environmental concern 
and the possibility to take advantage of the energy 
that otherwise would be burnt off in a flare have 
resulted in new solutions such as biogas upgrading 
and grid injection. 

The biogas upgrading development took off in the 
1980s and early 1990s through demonstration and 
industrial scale plants in France, Sweden, Switzerland, 
The Netherlands, and the USA. While the focus in 
The Netherlands and the USA was on upgrading of 
landfill gas for grid injection, the focus in Sweden and 
Switzerland was on upgrading biogas to vehicle fuel. 

Figure 2 illustrates the development of the number 
of upgrading plants worldwide, and Fig. 3 visualizes the 
installed capacity of upgrading plants. Both figures 
show the exponential growth of the sector. The capac¬ 
ities are with about 50% dominated by relatively few 
very large landfill upgrading plants, located preponder¬ 
ant in the USA. The worldwide distribution of the 
plants is illustrated in Fig. 4. 

As examples of the variety of applications below are 
some of the early plants described. 
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Development of biogas upgrading plants in operation worldwide 
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Biomethane from Anaerobic Processes. Figure 3 

Development of the capacity of biogas upgrading plants in operation worldwide 


Tilburg, The Netherlands 

The upgrading plant based on water scrubbing was built 
in 1986, when utilization of the gas from landfills began. 
The landfill facility was later complemented with a biogas 
plant where vegetable, fruit, and garden (VFG) waste are 
digested. The capacity of the upgrading plant is 2,000 
m /h of raw gas from the landfill and the VFG-digester. 
The upgraded biogas has a methane content of 88% 
which gives a heating value and a Wobbe index similar 
to the natural gas produced in Groningen/The Nether¬ 
lands. The upgraded biogas is injected into the Tilburg 
City distribution network [ 1 ]. 

New York, USA 

In 1982 an upgrading plant based on Selexol-washing 
technology has been installed at the Fresh Kills landfill 


on Staten Island, New York City. With a capacity of 

o 

13,000 m /h raw gas, this was the first large-scale com¬ 
mercial application of landfill gas upgraded to pipeline 
quality and injected on a gas grid [2]. 

Lille, France 

Up to 1990, 20% of the biogas produced by the waste- 
water treatment plant was burnt off and the rest used to 
supply heat and power to the treatment plant. With 
a production of 15,000 m per day, in average 3,000 m 
biogas (equivalent to 1,200 L of petrol) was flared 
every day. 

To take advantage of the biogas surplus, the Urban 
Community of Lille decided by the end of 1990 to 
launch a project. The primary objectives of the project 
were to: 
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USA 10 


Austria 6 


The Netherlands 


Canada 2 


France 3 


Switzerland 17 


Germany 32 



Sweden 39 


New Zealand 3 


Spain 


Norway 3 


South Korea 1 


Biomethane from Anaerobic Processes. Figure 4 

Distribution of biogas upgrading plants in operation worldwide 2009 


• Build a pilot site for the production of upgraded 
biogas 

• Convert a conventional diesel bus into a biogas- 
powered bus 

The biogas upgrading plant based on water scrub¬ 
bing was commissioned in June 1995, and 
a distribution terminal was installed at the Marquette 
production site. The washing unit was designed to treat 
100 m /h raw gas. A new facility with a capacity of 
1,200 m upgraded biogas was built in 2007. 
Compressed natural gas has been used to allow 
expansion of the gas bus fleet prior to the new facility 
was in place and to manage fluctuations in biogas 
production [3, 4]. 

Rumlang, Switzerland 

The first upgrading plant in Switzerland was built in 
Rumlang by Kompogas in 1992. It was a pilot plant 
with a capacity of about 30 m /h raw gas. The digester 
was fed with biowaste. Initially the upgrading system 
was based on water scrubbing. This has been changed 
in 1995 to a PSA. The upgraded biogas is used as vehicle 


fuel (A. Wellinger, 2009, Personal communication by 
e-mail 26-11-2009) [5]. 

Linkoping, Sweden 

In 1992, some of the biogas produced at the sewage 
treatment plant was upgraded in a small plant using the 
PSA technique. The capacity was 150 m /h raw gas, and 
the plant supplied five city buses with fuel. A full-scale 

o 

biogas plant was built at Aby, near Linkoping, which 
started to operate in spring 1997. The upgrading, based 
on water scrubbing, has a capacity of 500 m /h raw gas, 
and the upgraded biogas is used as vehicle fuel. A third 
plant, using the same upgrading technology, was built 
in 2002, with a capacity of 1,400 m /h raw gas. Includ¬ 
ing the gas from the sewage treatment plant, approx. 
65 million cubic meters of upgraded biogas is produced 
every year, which through a local gas grid supplies fuel 
to city buses, garbage trucks, and a number of filling 
stations. As Linkoping has no natural gas pipeline, 
liquefied natural gas (LNG) is used as backup. A train 
was converted from diesel to biogas in 2006. The train 
operates on the line between Linkoping and Vastervik 
and can run 600 km between each refueling [5]. 
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Framework for Biomethane Production 
and Utilization 

The development of application of the technology still 
depends on political support. In most cases the product 
biomethane is not economically competitive compared 
to natural gas. Thus the realization of bio methane pro¬ 
jects requires financial support. Therefore in different 
countries different support schemes have been 
implemented. Therefore the situation in Sweden, 
Switzerland, Germany, and Luxemburg will be discussed 
due to the fact that the development is the most impor¬ 
tant worldwide (except Luxemburg as a special case). 

Sweden 

In Sweden most biomethane is used as green gaseous 
vehicle fuel. In fact the rapid development has led to 
a situation where the use of bio methane has surpassed 
natural gas in this sector. Due to the fact that the 
production cost of biomethane is relatively high com¬ 
pared to fossil fuels, biomethane is targeted for sectors 
where the benefits of a renewable high-quality fuel with 
low carbon dioxide footprint are valued. Thus the 
situation developed that large amounts of biomethane 
are used as fuel for cars, heavy vehicles, and buses. 
Additionally the largest grid operator is really inter¬ 
ested in biomethane production and supply so that 
there were almost no reservations on biomethane. 

The Swedish government supports through various 
subsidy schemes the investment into biomethane plants 
to raise the interests in the technology. This support 
system in combination with the very high strategic 
aims for greenhouse gas reduction in Sweden has led to 
a good development of the biomethane supply. 

Germany 

In Germany biomethane is used for different applica¬ 
tions. Due to the fact that the German gas industry has 
published a self-commitment to supply from 2010 10% 
of the gas which is sold as fuel for vehicles, some 
biomethane is used on this pathway. The largest share 
of the gas is for sure used as fuel for combined heat and 
power plants due to interesting feed-in-tariffs for elec¬ 
tricity from biomass based on the so-called Renewable 
Energy Entry Act (German feed-in law). There it is 
stated that new plants for electricity production from 


biogas receive between 0.09 and about 0.2 €/kWh elec¬ 
tricity fed into the electricity grid guaranteed for the 
next 20 years. These tariffs are no subsidies; they are 
defrayed by all German electricity consumers according 
to their electricity demand. 

An increasing amount of biogas is also sold to 
private households, which can buy biomethane at mar¬ 
ket prices. 

An additional support for biomethane use is the so- 
called Gas Entry Act. In this act, conditions for gas grid 
connection and a tariff for reduction of the grid use 
costs for the grid operator due to local gas feed-in 
(0.006 €/kWh gas ) are defined. Additionally, regulations 
for the priority feed-in of biomass-based gases in com¬ 
parison with fossil gases are given. 

Switzerland 

In Switzerland the associations of gas industry and 
biogas suppliers agreed on a voluntary system of feed- 
in-tariffs where specific remunerations for the gas 
amount per kilowatt hour are defined. On this basis 
the gas production is financed. The biomethane is 
prevailing used as vehicle fuel. 

Luxembourg 

In Luxembourg a guideline for direct feed-in-tariffs for 
biomethane into the natural gas grid in combination 
with clear rules for gas grid access will be implemented 
soon. Totally independent on the final use of the gas, 
these tariffs shall be economically sufficient for 
biomethane production processes. Tariffs will cover 
different financial efforts for biomethane production 
from different feedstock (e.g., sewage sludge, organic 
wastes, energy crops) as well as the economy of scale. 

Conclusions 

The first and most important framework condition is 
the opening of the gas grids and/or the possibilities for 
biomethane trading to force the development of 
biomethane production and use. Evaluating the effec¬ 
tiveness of the very different incentive models for 
biomethane production especially systems which 
enable guaranteed refinancing of the investments over 
long periods seem to be most promising. An example is 
the system under establishment in Luxembourg [6]. 
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From the administrative point of view, systems on the 
basis of voluntary agreements of the industry are prob¬ 
ably the fastest way to introduce some incentives. 
Finally the level of inducement of plant construction 
and operation depends clearly on the absolute height of 
financial incentives. In the case of high incentives (sub¬ 
sidies or feed-in-tariffs), it has to be taken into account 
that the market could overreact so that after a first 
boom of plant construction, lots of companies could 
get into troubles with a very fast growth what could be 
seen in Germany in 2008 and 2009. Thus the incentives 
should be chosen very carefully to get a sustainable 
market development for biomethane production 
and use. 

Technologies for Biomethane Production 

Generally it has to be differentiated between two mains 
steps of biomethane production using biochemical 
processes. That is biogas production and biogas 
upgradation. 

Biogas Production 

Biogas production has to be seen as state of the art. 
A huge variety of different technologies are available on 
the market depending on the feedstock 
characteristic. An economically efficient biomethane 
supply requires a minimum plant size. This has some 


influence on the substrates to be used for biochemical 
biogas generation. Based on analysis done for German 
conditions and considering the feed-in of biomethane 
into the gas grid, an economic biomethane supply 
requires a plant capacity of at least 200 m N 
biomethane. Experiences show that this capacity 
requires very large amounts of municipal and/or indus¬ 
trial organic wastes (about 30,000 t/a and more) or 
energy crops (about 15,000 t/a and more). Also sewage 
sludge from municipal wastewater treatment plants of 
large towns or huge landfills can be the source for the 
biogas. Excrements from animal breeding play due to 
the low energy content no important role for 
biomethane supply. 

The most important obstacle of biogas utilization 
as a substitute for natural gas is the content of different 
compounds (e.g., C0 2 , H 2 S, NH 3 ). Table 1 shows the 
average composition. Biogas has due to its different 
composition to be differentiated into biogas from res¬ 
idues, waste, and energy crops and biogas from waste- 
water treatment plants where sewage sludge is digested. 

Biogas Upgradation to Biomethane 

The market share of the different technologies can be 
taken from Figs. 2 and 3. Upgrading technologies for 
biogas result mainly from technological applications 
from the natural gas sector where partly comparable 
upgrading tasks have to be solved, but at a by far larger 


Biomethane from Anaerobic Processes. Table 1 Composition of biogas (from residues, waste, and energy crops 
digestion) wastewater treatment plant gas (from sewage sludge digestion) and natural gas 


Component 

Biogas 

WWTP gas 

Natural gas 

Methane 

50-70% 

60-70% 

93-98% 

Carbon dioxide 

25-40% 

30-40% 

1% 

Nitrogen 

<3% 

4% 

1% 

Oxygen 

<2% 

1% 

— 

Hydrogen 

Traces 

Traces 

— 

H 2 S 

Up to 10,000 ppm 

Up to 1,000 ppm 

— 

nh 3 

Traces 

Traces 

— 

Ethane 

— 

— 

<3% 

Propane 

— 

— 

<2% 

Siloxanes 

Traces 

<6 mg/m 3 

— 
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scale. Until today, some technologies show long time 
experiences and others are relatively new. 

Generally it has to be stated that all upgrading 
plants pledge to reach a biomethane quality of more 
than 96% methane content and a methane loss less 
than 3%. Additionally a very high availability for all 
technologies is promised. This has been confirmed in 
practice with an availability of about 95% at most 
plants [7]. Practical measurements have shown differ¬ 
ent results, but more or less independent of the used 
technology. Especially it seems to be necessary to care 
about the methane losses which are reported with at 
maximum up to 10% (typical range 0.1-3%), because 
they influence environmental and economic parame¬ 
ters of such plants very strongly. 

For all the described technologies, current research 
activities are reported with some focus on membrane 
technologies due to essential development successes at 
membrane processing. Technologies under research are 
the so-called process internal methane enrichment (or 
in situ methane enrichment) using the absorption of 
carbon dioxide in the liquid phase of fermentation and 
external reduction of the carbon dioxide concentration 
from this phase as well as the so-called ecological lung 
using the enzymatic dissolution of carbon dioxide with 
the enzyme carboanhydrase in a comparable process as 
in the lung [8]. 

Water Scrubbing One of the mainly used technolo¬ 
gies for biogas upgrading is the water scrubbing process 
which shows a very long history of experiences. 

This process is based on sorption of carbon dioxide 
in water at high pressures (about 10 bar) and desorp¬ 
tion of carbon dioxide at lower pressures in another 
vessel to separate carbon dioxide and methane. At the 
same time, most trace gases (e.g., H 2 S) are separated 
during this process. As water source circulated, fresh 
water or cleaned wastewater without circulation can be 
used. Advantages of wastewater use are compensated 
by biofouling in the scrubbers due to the relatively high 
organics content. 

Due to the long research and development period, 
the technology has reached a very high level of devel¬ 
opment and is proven in practice. Thus, it has to be 
expected that the technology has to compete with other 
technologies in economic questions but is seen as tech¬ 
nological state of the art. 


Pressure Swing Adsorption The pressure swing 
adsorption technology is based on high-pressure 
adsorption of carbon dioxide at molecular sieves or 
activated charcoal in at least two steps. Other trace 
gases have to be separated, e.g., in filter systems before 
carbon dioxide adsorption. Adsorption materials have 
long operation durations but have to be exchanged 
from time to time. 

This technology shows long time experiences and is 
well established and competes as solid and reliable 
technology in the market. 

Chemical Scrubbing Chemical scrubbing is possible 
with a number of substances (e.g., Selexol, MEA, DEA), 
which are capable to absorb carbon dioxide at ambient 
or low pressures mostly combined with heat demand 
for desorption. Available information about efficien¬ 
cies of the processes is very different, but a lot of 
experiences exist and research is going on. The advan¬ 
tage of chemical scrubbing is that used substances are 
selective for carbon dioxide (and sometimes for H 2 S 
too, most times H 2 S-separation is done before 
upgrading), and thus no methane will be absorbed 
resulting in high methane concentrations in the puri¬ 
fied gas and low methane emissions. Adsorption pro¬ 
cesses under pressure seem to be of comparable 
behavior as water scrubbing processes. Ambient pres¬ 
sure systems promise less electrical energy demand for 
the continuous process and could be of high interest for 
applications where only low pressure is required after 
upgrading and heat is available [7]. 

For the time being, some chemical scrubbing tech¬ 
nologies are reliable and well established and others are 
under development. 

Membrane Technologies Due to the different mole¬ 
cule sizes of methane and carbon dioxide, it is generally 
possible to separate both gases through membranes. 
The smaller methane molecules can pass through 
a membrane, and a gas with very high methane content 
and a gas with very high carbon dioxide content can be 
produced. Technologies were developed for dry 
separation (transport through the membrane is 
forced by very high pressure) and for wet separation 
(transport is forced by a very low concentration of 
methane in a fluid which methane is absorbed in). 
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Both technologies are known from long running 
plants and improved technologies from pilot plants. 
Efficiencies regarding methane losses and energy 
demand of improved technologies are subject of ongo¬ 
ing evaluation. The most important challenge is to 
reach comparable high methane concentrations and 
low methane losses as reached by the established 
technologies. 


Cryogenic Upgrading Additionally it is possible to 
use the differences in dew and condensation points 
of methane and carbon dioxide. Therefore it has 
been shown in small scale as well in large scale 
that both gas components can be separated by cooling 
down of biogas to less than —45°C at about 80 bar 
pressure. 
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■ Raw gas production 

■ Biogas upgradation 

□ Grid connection 

□ Grid utilization fees 

■ Marketing 

□ Documentation costs 


Economics of Biomethane Production 
and Utilization 

Economics of biomethane supply will predominantly 
affect its future utilization. At production costs 
between 0.05 and 0.08 €/kWh gas , biomethane is not 
really competitive with natural gas at import costs of 
0.02-0.03 €/kWh gas . 

Looking in the different cost positions of 
biomethane at a German example of a plant based on 
energy crops digestion (which show the highest poten¬ 
tial for the growth of this sector in the future), the costs 
result from raw biogas production including the costs 
for substrate supply (about 50% of this position), costs 
for biogas upgradation to biomethane, and the costs 
for gas grid injection, transportation as well as 
feed-out (Fig. 5). 

Looking into the future, it is expected that energy 
prices will still increase. So it has to be assumed that 
biomethane prices and natural gas prices will cross any 
time. But for sure this will not happen before the 
natural gas prices have doubled. Although there are 
many activities for improvements of raw biogas pro¬ 
duction and biogas upgradation, in the short term, 
improvements can be expected allowing achieving up 
to 20% cost efficiency. But this will partly be compen¬ 
sated by the general price increase. 

Looking into the cost distribution of a smaller plant 
(Fig. 6), it is visible that the total share of raw biogas 


Biomethane from Anaerobic Processes. Figure 5 

Distribution of biomethane supply costs at the point of 
feed-out from the gas grid under German conditions for 
a plant at 1,500 Nm 3 /h biomethane supply from energy 
crops digestion 

production and upgradation decreases. Thus, cost effi¬ 
ciency in these sectors will have smaller effects. 

Contradictory the share of the costs for gas grid 
access and transportation grow due to the fact that 
absolute costs for the gas grid access are not dependent 
on the capacity of the plants. 

As a result, it must be stated that cost reduction 
potentials at gas grid distribution of biomethane 
should be more investigated and reduced for further 
growth of the bio methane industry. It would addition¬ 
ally be necessary to achieve significant cost reductions 
to optimize the biomethane production. This could be 
realized with reductions of requirements for 
biomethane feed-in plants and sharing the costs of 
feed-in with the gas grid operators. 

Future Directions 

It is expected that the trend of the last decades will be 
rapidly continued in the future regarding plant num¬ 
bers and capacities worldwide with a special focal point 
in Europe. Due to effects of the economy of scale and 
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Biomethane from Anaerobic Processes. Figure 6 

Distribution of biomethane supply costs at the point of 
feed-out from the gas grid under German conditions for 
a plant at 500 Nm 3 /h biomethane supply from energy 
crops digestion 

the limited availability of cost-effective small-scale 
technologies for gas upgradation and gas feed-in 
the size of plants for gas grid injection will still be 
relatively large in the range of 200 m N biomethane 
and more. 

Depending on the crude oil and natural gas price 
development, the speed of the growth will vary. 
But international targets for greenhouse gas reductions 
and financial measures to support the use of renewable 
energies will force a wide use of this technology. 
Full economic competitiveness regarding profits from 
natural gas trading and utilization within the next few 
years is not to be expected. But the current develop¬ 
ment in some countries shows that economic models 
for biomethane production and use are applicable. 


Moreover, biomethane is the only renewable 
energy carrier which can - due to its high quality - 
substitute gaseous fuels without technical adaptations 
of the consuming applications. And it has the full 
flexibility of utilization for heat, electricity, and fuel 
supply that can be distributed and traded on a global 
market. 

Research activities for technology improvement are 
still going on so that the challenges of decrease of 
environmental negative effects (energy consumption, 
greenhouse gas emissions) of increased gas quality 
as well as decreased costs will be solved in the years 
to come. 
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Glossary 

Biomass gasification Thermochemical conversion 
process, where the gasification media (pretreated 
solid fuel) is converted into a gaseous fuel (called 
raw gas). 

Bio-SNG Biosynthetic Natural Gas is a gaseous biofuel 
provided via thermochemical conversion including 
the steps biomass gasification and subsequent 
methanation. 

Methanation Methanation is a catalyst-based synthe¬ 
sis with the aim to provide methane from a syngas. 
Therefore, the gas components hydrogen and car¬ 
bon monoxide occurring within the syngas are 
converted to methane and water-steam. 
Tri-generation Technology for the parallel production 
of the energy carrier heat, electricity, and fuel (e.g., 
conversion of biomass into heat, electricity, and 
Bio-SNG) with varying shares according to the 
given demand. 

Definition of the Subject 

Since the discussion on climate protection started and 
numerous countries declared defined goals for the use 


of renewable sources of energy in the heat, electricity as 
well as in the transportation sector, the request to 
develop promising and sustainable nonfossil energy 
pathways gain more and more importance on the polit¬ 
ical agenda. Under the various renewable sources of 
energy biomass and especially solid biofuels contribute 
already significantly within the global energy system 
mainly due to the easy availability of solid biomass 
and the ability to cover the given demand anytime 
(e.g., application for cooking purposes in developing 
countries, provision of heat in countries with a cold 
season). Beside these established pathways, new routes 
for an efficient and sustainable biomass use are under 
development. One promising example of such a new 
provision chain is the conversion of solid biofuels 
via gasification and subsequent methanation into 
Biosynthetic Natural Gas (Bio-SNG) to be used as 
a substitute for Natural Gas. This provision pathway 
allows the use of local available lignocellulosic biomass 
for the efficient production of a well-known gaseous 
energy carrier (i.e., Bio-SNG). Thus, this energy carrier 
can substitute Natural Gas and can help to reduce the 
energy-related greenhouse gas (GHG) emissions. With 
the use of Bio-SNG in the mobile and stationary sector, 
the already existing infrastructure can be used. Based 
on this, the aim of the following explanations is to 
present such Bio-SNG provision chains in detail and 
to assess them concerning technical, economic and 
environmental aspects. 

Introduction 

Within the global energy system, Natural Gas is 
an important energy carrier. Related to the overall 
primary energy consumption Natural Gas contributes 
currently with a share of 20.5%. And the demand for 
Natural Gas is projected to increase until 2030 by more 
than 50%. For the sectors residential, services, and 
agriculture as well as industry, an annual growth 
rate between 1.2% and 1.4% is expected globally. In 
contrast, the power sector is characterized by a 
projected growth rate of 2.4% and an overall market 
share of 45% by 2030 [1]. Additionally, the infrastruc¬ 
ture to distribute and store Natural Gas is fully available 
and has been improved continuously during recent 
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years. Beside a highly efficient energetic utilization 
for stationary and mobile application, Natural Gas 
can be used as a raw material, e.g., within the chemical 
industry [2]. 

Since numerous countries introduced legislative 
frame conditions to implement the Kyoto Protocol 
(e.g., European guideline 2009/28/EG) or to reduce 
C0 2 -emissions (e.g., EU wide C0 2 -control for passen¬ 
ger cars and light-duty vehicles), the substitution of 
fossil energy gains more and more importance. Beside 
this, selected countries dominate the supply of fossil 
energy carriers like Natural Gas and create therewith 
a substantial import dependency. The substitution of 
Natural Gas through biomethane is therefore an option 
allowing solving several problems and facing some 
important challenges at once. 

For the production of biomethane, two conversion 
pathways are market ready respectively under develop¬ 
ment at the moment [3]. Beside the biogas pathway 
(i.e., the biochemical biomass conversion), the thermo¬ 
chemical conversion of solid biomass is another prom¬ 
ising option to produce biomethane (here called: 
Biosynthetic Natural Gas or Bio-SNG to avoid a mis¬ 
understanding with biomethane from anaerobic 
processes). 

The entire provision chain of Bio-SNG is charac¬ 
terized by some advantages compared to other biomass 
conversion routes. Relatively, small production systems 
(starting from a few 10 MW thermal capacity) enable 
the use of locally available biomass without too long 
transport distances. The possibility of tri-generation 
(i.e., the production of heat, power, and fuels) allows 
high overall efficiencies and therewith a high C0 2 
mitigation potential. Due to a more market-ready tech¬ 
nology and smaller conversion units, fewer risks are 
given in comparison to the production of BtL-fuels. 
Bio-SNG can be distributed and stored with the very 
well-developed Natural Gas grid that makes it possible 
to transport the biomethane together with Natural Gas 
from the source to the end user [4]. 

The production of Bio-SNG can be carried out via 
steam gasification of woody biomass, gas cleaning, 
subsequent methanation, and raw gas upgrading 
(Fig. 1). The steam gasification and a subsequent gas 
cleaning have been demonstrated successful in 
a technical scale of 8 MW thermal capacity at the 
biomass combined heat and power (CHP) gasification 


plant in Giissing/Austria since 2002. Steam gasification 
leads to a producer gas with a relatively high content of 
hydrogen and methane. These properties are necessary 
for an efficient SNG production [5]. 

Biomass Resources 

Taking into consideration the technical requirements 
of the conversion technology (e.g., gasifier require¬ 
ments), solid biofuels seem to be promising for the 
production of Bio-SNG from the current point of 
view. Thus, woody and herbaceous biomass material 
streams are favorable resources. Based on the CEN 
classification standard (i.e., European Committee for 
Standardization), the following solid biofuels are of 
great importance [6]: 

1. Forest and plantation wood 

2. Wood processing industry by-products and 
residues 

3. Used wood 

4. Herbaceous biomass from agriculture and 
horticulture 

5. Herbaceous processing industry by-products and 
residues 

Based on the gathered experiences in the field of 
biomass pretreatment and biomass gasification, the 
qualitative requirements can be defined in accordance 
to the standard ONORM M 7133. Table 1 gives an exem¬ 
plary overview to qualitative requirements on woody 
biomass suitable for the production of Bio-SNG [7]. 

Biomass Supply 

The decentralized availability of biomass develops 
partially complex provision structures as well as 
numerous capacity-related bottlenecks along the 
entire biomass supply chain closing the gap between 
the place of biomass production and use. In this con¬ 
text, it is necessary to integrate efficient provision con¬ 
cepts into the local and regional frame conditions (e.g., 
biomass potential, infrastructural aspects) in order to 
achieve a high logistic performance and low provision 
costs free plant gate as well as low environmental 
effects. 

Concerning the configuration of biomass supply 
chains a wide range of approaches are possible. The 
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Biosynthetic Natural Gas. Figure 1 

Basic process flow diagram 


Biosynthetic Natural Gas. Table 1 Selected specifications 
for solid biofuels for the Bio-SNG production 


Criteria 

Unit 

Specification 

Origin 

— 

Woody biomass from forest residues 
and short rotation coppices 

Product 

— 

Wood chips 

Water 

content 

In% 

20 up to 30 

Size 

In 

mm 

30 up to 50 

Share of 
impurities 


Rough impurities (like stones, metal 
pieces, and other contaminants) as 
well as the addition of combustible 
impurities (like abrasive dust) are not 
permitted 

Ash content 

ln% 

<2 


overall objective of the provision of solid biofuels to 
Bio-SNG production plants (and in general to biomass 
conversion plants) is the optimized combination of the 
preconditions at the source with the requirements of 
the sink (respectively conversion plant) along the entire 
supply chain. This includes the adjustment of the qual¬ 
itative and quantitative fuel requirements as well as 
further technical, spatial, and time-related criteria. 

Beside a high technical biomass potential for 
a certain fuel assortment aspects like the catchments 
area, the necessity of a fuel conditioning, transport 
distances as well as the distribution of storages are of 
importance for the configuration of the overall supply 
chain. Depending on the conversion plant size, differ¬ 
ent transport modes seem favorable and can be divided 
into the (a) road, (b) rail, and (c) water way transport. 
The latter can be distinguished into the inland water 
way and overseas transport. Beside a straight supply of 
the biomass to the Bio-SNG facility, the provision of 
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Biosynthetic Natural Gas. Figure 2 

Scheme of Bio-SNG conversion pathways 


the relevant biofuels is also possible through numerous 
intermediate steps. 

The solid biofuel provision to Bio-SNG plants is 
characterized by fully mechanized concepts. Via road 
transport, the supply is usually carried out with swap 
bodies. For the provision of biomass assortments with 
intermodal systems, relying on train transport as main 
mode, the preliminary run (road transport) and the 
main run is integrating swap bodies as well. To over¬ 
come medium distances the use of container systems is 
promising, since the handling process is more efficient 
and the down times of the transport media can be 
reduced. The provision of solid biofuels via inland 
waterway or overseas is based on the bulk transport. 
This is true, because the transport is carried out over 
longer distances and is due to the transport mode more 
time consuming. Therefore, it is necessary to exploit 
the load unit by using bulk goods. 

Between the different supply approaches significant 
differences with regard to the logistic efficiency, the 
complexity of the supply chain as well as the infrastruc¬ 
tural flexibility exist. While the logistic efficiency for 
the road-based supply is the highest, this alternative is 
limited in terms of transport distances. The intermodal 
transport is in general characterized through higher 
complexity and lower logistic efficiency, whereas it is 
more convenient for the long-distance biomass supply. 
In the field of infrastructure flexibility, direct supply via 
road transport is in most cases the most convenient 
alternative [8]. 

Bio-SNG Conversion Technology 

The thermochemical production pathway of synthetic 
Natural Gas aims to convert solid biofuels into gas with 
high methane content (approx. 95%). The conversion 
from solid biomass to Bio-SNG at a certain location 
can be subdivided into five process steps: 


1. Biomass pretreatment 

2. Biomass gasification 

3. Gas cleaning 

4. Methanation 

5. Raw-SNG upgrading (Fig. 2) 

In the following, the technology of these process 
steps is described in detail. 

Biomass Pretreatment 

Due to its inhomogeneous characteristic, solid biofuels 
have to be pretreated before gasification to ensure a 
reliable feeding into the gasification reactor on the one 
hand and to allow for optimal gasification conditions 
inside the gasification reactor on the other. Thereby, in 
general, the pretreatment focuses on an adaption of the 
biomass size to meet the demands of the feeding system 
and on the drying of the biomass to reduce the ener¬ 
getic losses within the gasification process [9]. As 
entrained-flow gasifier requires a pumpable or dispers¬ 
ible fuel, their application demands a special biomass 
pretreatment (e.g., pyrolysis, torrefaction) [10]. 

The pretreatment of the solid biofuel necessary for 
the reasons outlined above can be realized with 
mechanical, thermal, and thermo chemical processes. 

Mechanical Pretreatment Mechanical biomass 
pretreatment processes comprise primarily process 
steps like size reduction, sieving, and/or pressing of 
the fuel to ensure a homogeneous particle size and 
particle form [11] to prevent locking of the gasifiers 
feeding system and to ensure a uniform flow regime 
inside the gasification reactor. 

Thermal Pretreatment The thermal biomass 
pretreatment comprises biomass drying in order to 
increase the biomass’ quality and heating value and to 
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reduce its weight [11]. Such drying processes can be 
distinguished in natural and technical drying. For Bio- 
SNG production pathways, technical drying processes 
are - due to the disposability of process heat and the 
need for low biomass water contents (approximately 
10-20%) permitting an energy-efficient gasification 
process [9] - of particular interest. 

Thermochemical Pretreatment With regard to Bio- 
SNG production pathways, thermochemical 
pretreatment methods primarily aim to meet the 
demands of entrained-flow gasification systems. 
Regarding the biomass pretreatment to allow for their 
use in entrained-flow gasification systems, two 
methods are under discussion: torrefaction [12] and 
pyrolysis [13]. Both methods operate under absence of 
external oxygen. While torrefaction processes deaerate 
water and volatile components [11, 14], pyrolysis pro¬ 
cesses decompose the biomass into three products: gas, 
condensable hydrocarbons (pyrolysis oil after conden¬ 
sation), and char. Thereby, here the flash pyrolysis is of 
particular interest as this process allows to achieve high 
pyrolysis oil yields [15]. The use of torrefaction and 
pyrolysis products in entrained-flow gasifier is still 
under investigation and cannot be considered as state 
of the art. 

Biomass Gasification 

Gasification is a thermochemical conversion process, 
where the gasification media (pretreated fuel) is 
converted into a gas (called raw gas) with the main 
components C0 2 , CO, H 2 0, H 2 , and - depending on 
the gasification parameters - certain amounts of CH 4 . 
As the process is endothermic, heat has to be supplied. 


Beside the main gas components mentioned above, the 
raw gas may contain different impurities like particles, 
tars, sulfur compounds, nitrogen compounds, halo¬ 
gens, and alkali compounds. The amount of these 
impurities within the raw gas depends on multiple 
process conditions and can be influenced to a certain 
degree by gasification technology and conditions [10, 
11, 16, 17]. 

The available gasification processes can be distin¬ 
guished according to the (a) gasification agent, (b) 
gasification pressure level, (c) heat supply, and (d) 
reactor design. The reactor design is related to different 
scale potentials and therewith characteristic for the 
subsequent gas usage. According to the fluid-dynamic 
behavior of the fuel in the gasifier, the following reactor 
designs can be used in general for the provision of a raw 
gas (Fig. 3). 

Regarding the Bio-SNG production, in general the 
following two reactor designs are most important 
according to current knowledge. 

Fluidized-Bed Gasifier Fluidized-bed gasifier 
(Fig. 4) is characterized by the fluidization of fine¬ 
grained inert material (e.g., sand) and solid feedstock 
particles inside the reactor. Thereby, the mixture of 
inert material and feedstock particles behaves similar 
to a fluid. Due to the homogeneous feedstock alloca¬ 
tion inside the reactor, there are no separated reaction 
zones, the temperature level (between 700° C and 
950° C) is easily to be adjusted, and the heat and mass 
transfer within fluidized-bed reactors can be optimized 
in comparison to fixed-bed gasifier. However, the dust 
content of the raw gas is relatively high [11, 18] . Fluid¬ 
ized-bed gasifier is distinguished as (a) stationary, (b) 
circulating, and (c) twin-bed fluidized-bed gasifier. 



Biosynthetic Natural Gas. Figure 3 

Reactor designs of biomass gasification systems 
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The main advantages of entrained-flow gasifier are 
high carbon conversion rates and a tar-free raw gas. The 
effort on gasification and handling of the process 
parameters (high temperatures and pressures) are dis¬ 
advantages of this design. Entrained-flow gasifier is 
under discussion for plant sizes of several hundred 
megawatts [10, 19]. 

Gas Cleaning 

Depending on the gasification parameters (e.g., reactor 
design, gasification pressure, gasification temperature, 
and gasification agent), the raw gas contains different 
impurities as (Fig. 6) [20]: 


Gasification agent 

Biosynthetic Natural Gas. Figure 4 

Scheme of stationary fluidized-bed gasifier 


Biomass Gasification agent 



Slag 


Biosynthetic Natural Gas. Figure 5 

Scheme of entrained-flow gasifier 


Entrained-Flow Gasifier Entrained-flow gasifier 
(Fig. 5) is commonly applied for coal gasification. 
Here the gasification media consisting of (very) small 
particles is gasified within seconds at temperatures of 
1,300-1,600°C and pressures up to a 60 bars [10]. In 
general, oxygen is used as a gasification agent. The 
resulting raw gas is free of tars and has a low methane 
content - in comparison to the fluidized-bed gasifier 
where the raw gas is characterized by a high tar and 
methane content. 


• Particles (e.g., char, dust, ash, bed material) 

• Tars (e.g., C 7 H 8 , C 10 H 8 ) 

• Sulfur compounds (e.g., H 2 S, COS, thiophenes) 

• Nitrogen compounds (e.g., NH 3 , HCN) 

• Halogens (e.g., HC1) 

• Alkali compounds (e.g., Na- and K-compounds) 

To avoid catalyst poisoning in the subsequent syn¬ 
thesis (e.g., caused by organic sulfur) and damage at 
other plant components (e.g., corrosion at heat- 
exchanger surfaces), the raw gas has to be cleaned 
after leaving the gasifier. To remove the impurities 
mentioned above, various cleaning methods are avail¬ 
able at the market. 

Particles Particles can be removed from gas streams 
by cyclones, filters, electrostatic precipitators, or wash¬ 
ing systems. Cyclones are applied for a rough particle 
removal. They separate particles above 5 pm by cen¬ 
trifugal forces and characterized by robust and simple 
design and low-pressure drop within the gas. Filters are 
appropriate for a fine particle separation even of parti¬ 
cles below 5 pm. However, a drawback of filters is the 
pressure drop especially for increased separation rates. 
Electrostatic precipitators achieve a high particle sepa¬ 
ration in combination with low-pressure drops. They 
operate either dry or wet. But they need a high techni¬ 
cal effort in comparison to cyclones and filters. Wash¬ 
ing systems (e.g., Venturi washers) are able to remove 
even smaller particles as well as additional gas impuri¬ 
ties. However, the technical effort of washing systems 
for particle removal is very high as a subsequent 
separation of withdrawn particles from the solvent is 
usually necessary [11, 17]. 
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Biosynthetic Natural Gas. Figure 6 

Categories of raw gas impurities 


Tars Tars can be removed from the gas by catalytic or 
thermal tar cracking as well as by washing with organic 
medium and water. At high temperatures, tars are 
cracked into small molecules like CO and H 2 . For this 
process, high temperatures (around 1,200°C) or/and 
long residence times are necessary. However, the pro¬ 
vision of such a high temperature level lowers the 
process efficiency. Compared to this catalytic tar crack¬ 
ing requires lower temperatures (around 850°C). But 
so far no cheap catalysts with a long technical lifetime 
are available on the market. Tar can also be washed out 
from the gas with water. Thereby, the raw gas is cooled 
down to condense the tars. But then the contaminated 
washing water has to be cleaned. Therefore, in recent 
years washing systems using organic washing media 
have been developed. The advantage is that the con¬ 
taminated solvent can be burnt. Therewith, purities of 
about 10 mg/m (i.N.) can be achieved [11, 17]. 

Sulfur Compounds Sulfur can be removed by adsorp¬ 
tive and/or absorptive methods. ZnO and active carbon 
beds are commercially available adsorptive processes for 
sulfur removal. Both systems have to be regenerated from 
time to time. To reduce the respective effort and to ensure 
high sulfur separation rates, active carbon bed and ZnO- 
bed can be combined: with active carbon beds a rough 
and with ZnO a fine sulfur removal is achieved. If larger 
amounts of sulfur have to be removed from the gas, 
technically complex systems known from coal gas 
cleaning can be used (e.g., Rectisol washing, Selexol 
washing, Amine washing) [11, 17]. 

Nitrogen Compounds, Halogens, and Alkali Com¬ 
pounds Nitrogen compounds and halogens are 


separated from the gas by adsorptive and absorptive 
methods mentioned above. To improve the separation 
rate, these methods can be adapted to the impurity to 
be removed (e.g., by the addition of sodium hydroxide 
to water solvent). A common way to remove alkali 
compounds from the gas is to condense them (below 
600° C) and remove them by conventional filter tech¬ 
niques [11, 17]. 

Methanation 

The process step methanation comprises a catalyst- 
based synthesis with the aim to increase the methane 
content of the cleaned gas. Thereby, the gas compo¬ 
nents hydrogen and carbon monoxide are converted to 
methane and water vapor (Eq. 1). 

CO + 3H 2 ^ CH 4 +H 2 0 (1) 

In principle, all metals of the eighth main group 
catalyze the methane synthesis. However, due to their 
availability and price stability the use of nickel catalyst 
is of particular interest [21]. This catalyst operates 
within a wide pressure (1-80 bar) and temperature 
range (250-650° C), but the desired formation of meth¬ 
ane is enhanced at low temperatures and high pres¬ 
sures. To ensure a high carbon monoxide conversion, 
a H 2 /CO-ratio of at least 3/1 is advisable. However, as 
raw gases from biomass gasification processes are typ¬ 
ically characterized by H 2 /CO-ratios of 0.3-2.0, in gen¬ 
eral an adjustment of this ratio is foreseen either by 
adding additional hydrogen or by converting carbon 
monoxide and water vapor into hydrogen and carbon 

















672 


Biosynthetic Natural Gas 


dioxide according to the water gas shift reaction 
(Eq. 2). 

C0+H 2 0 <-► H 2 +C0 2 (2) 

As nickel catalysts catalyze the water gas shift reac¬ 
tion as well at elevated temperatures and pressures, the 
water gas shift reaction can be integrated in the metha- 
nation reactor instead of an upstream shift-reactor 
before the methanation. 

Basically, methanation reactors can be distin¬ 
guished according to the fluid-dynamic behavior of 
their catalysts in fixed-bed reactors and fluidized-bed 
reactors. 

Fixed-Bed Reactors Due to the exothermal metha¬ 
nation reaction and limited axial and radial heat trans¬ 
fer rates of fixed-bed reactors, an isothermal operation 
is only possible with low conversion rates or high 
technical and operational effort [21]. For a reasonable 
heat management, multiple fixed-bed reactors with 
limited conversion and thus limited heat transfer rates 
are combined with each other in series, parallel or 
mixed arrangements. 

Fluidized-Bed Reactors In contrast to fixed-bed 
reactors, fluidized-bed reactors are characterized by a 
fluidized-bed of the catalyst inside the reactor. To real¬ 
ize a quasi-isothermal operation, the reaction heat can 
be managed with help of an internal heat exchanger. 
Therefore, even high gas and heat flows can be handled 
with a single methanation reactor [22, 23]. 

Raw-SNG Upgrading 

To feed Bio-SNG into the Natural Gas grid, it has to 
fulfil the quality requirements of the grid. Therefore, 
after the methanation an upgrading of the raw Bio- 
SNG is necessary. This includes the separation of car¬ 
bon dioxide, water, and - depending on the raw-SNG 
quality - other gas components (e.g., hydrogen). 
Thereby, beside the Bio-SNG composition and purity, 
the Wobbe index is of particular interest. 

For all raw-SNG upgrading steps, several technolo¬ 
gies are available at the market and in operation for 
treatment processes of SNG from coal, Natural Gas 
treatment processes, and biogas upgrading processes. 


However, due to their different technical and opera¬ 
tional effort, selected technologies are advisable for 
small-scale applications and others for large-scale 
applications. In the following, the most important 
techniques - with regard to Bio-SNG production - 
for raw-SNG drying and carbon dioxide removal are 
described. 

Carbon Dioxide Removal Considering the carbon 
dioxide removal, absorptive and adsorptive processes 
are available. 

A relevant adsorption process for Bio-SNG produc¬ 
tion systems is the pressure swing adsorption (PSA) for 
the adsorption of carbon dioxide on an active carbon 
bed [24] . Absorption processes can be realized based on 
physical and chemical processes. While physical 
absorption processes only based on the solubility of 
the absorptive in the solvent, within chemical absorp¬ 
tion processes a chemical reaction between solvent and 
absorptive takes place to separate the gaseous compo¬ 
nents from a gas flow. Examples for physical absorption 
process are the Rectisol process [25] and the Selexol 
process [26]. 

Drying For the raw-SNG drying, in general, the gas is 
cooled down below the water dew point. For further 
drying, adsorptive and absorptive methods can be 
applied [27]. 

Distribution Infrastructure 

The Natural Gas grid is classified into four different 
grid levels. The international pipeline system (level 1) 
for long-distance transport of Natural Gas is operated 
on a pressure level of 80 up to 120 bars. An average 
standard gas volume for such a grid is about 1.0 up to 
2.5 mn m gas /h. For the national transport of gas (e.g., 
within Germany, the Netherlands or Austria), a high- 
pressure grid for the long-distance transport is avail¬ 
able (level 2). Such a pipeline system is usually in 
operation with a grid pressure of 25 up to 80 bars. 
The connection between long-distance pipeline net¬ 
works and local gas grids is realized by a regional pipe¬ 
line system (level 3). These networks are characterized 
through a wide bandwidth of the pressure level (from 1 
up to 70 bars). With the help of the local gas 
grid, the Natural Gas is distributed to the final 
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consumer (level 4). The lowest pressure level of such 
a pipeline system is in the range of 30 up to 100 mbar. 

From the technical point of view, the feed-in of 
upgraded biomethane with a defined gas quality is 
possible in high-pressure gas grid. For medium- and 
low-pressure grids are in general the required floats not 
necessarily sufficiently given [28]. But locally 
a different situation might be given. 

The technologies for the feed-in of biomethane into 
the Natural Gas grid (e.g., compressors) are market 
ready and commercially available. For the injection of 
the biomethane in the pipeline, a lifting of the pressure 
above the grid pressure is required [28]. 

Therewith the possibility is given to produce Bio- 
SNG for instance at a place where the plant site require¬ 
ments are fulfilled (e.g., biomass availability, favorable 
infrastructure for the provision of biomass and distri¬ 
bution of the produced energy, and heat sink) and to 
distribute the biomethane via the existing gas pipeline 
system to the final consumer. The decoupling of the 
production and utilization allows the efficient applica¬ 
tion for the generation of heat and electricity. Beside 
this, Bio-SNG is a favorable alternative for mobile 
applications (e.g., passenger cars, light heavy-good 
vehicles). 

Assessment of Bio-SNG Provision Pathways 

According to the multitude of available technologies, 
different Bio-SNG production pathways are currently 
under discussion. Thereby, aspects like (a) the biomass 
assortment, (b) the plant capacity, or (c) the biomass 
conversion and especially the gasification system have 
major influence on the overall system. Therefore, below 
selected reference concepts are defined and assessed 
with regard to technical, economic, and environmental 
criteria. 

Reference Concepts 

Here are concepts for the provision of Bio-SNG defined 
(Table 2). Both pathways can be assigned to different 
time frames. While the concept “fluidized-bed” is ori¬ 
ented on the short term (2015), the “entrained-flow” 
concept is an alternative for a medium term (2020- 
2025). The described capacity, operation hours, etc., 
create the frame conditions of the investigated system 


Biosynthetic Natural Gas. Table 2 Reference concepts 
and their frame conditions 


Criteria 

Unit 

Concept 

"fluidized- 

bed" 

Concept 

"entrained- 

flow" 

Capacity 

MW bf 

30 

200 

Operation 

hours 

h/a 

8,000 

Fuel demand 

tdm 

50,000 

350,000 

Bio-SNG 

output 

m 3 SNG/h 

2,000 

13,333 

Pressure level 
gas grid 

bar 

25 

70 


and the base for the assessment of the Bio-SNG provi¬ 
sion pathways. 

The concept “fluidized-bed” represents the “state- 
of-the-art” technology based on fluidized-bed gasifica¬ 
tion. This concept is analyzed for a plant scale of 
30 MW. It is assumed that forest wood is used as 
a raw material. 

The “entrained-flow” concept represents a future 
concept with torrefaction as a biomass pretreatment 
step realized at the conversion plant site. This concept 
is analyzed for a plant scale of several hundred mega¬ 
watts. Beside wood from forest services, additionally 
woody biomass from short rotation coppices is fore¬ 
seen as a biomass feedstock. 

The system boundary is defined by the biomass 
provision step harvest/collection and through the 
upgrading of Bio-SNG on Natural Gas quality ready 
for to be feed-in into the gas grid. 

For the biomass supply, a full mechanized provision 
chain is assumed. The storage process is carried out 
with air tube ventilation systems that allow a reduction 
of the water content up to 30% (free plant gate). 
Chipping is performed with truck-mounted chippers 
at the forest road. For the handling process, discontin¬ 
uous conveyors are chosen and finally the solid biofuels 
are transported directly by truck to the Bio-SNG plant. 
The conversion technology [29] assumed here is based 
on an atmospheric fluidized-twin-bed biomass gasifier 
operating with water-steam as gasification agent. Heat 
for the endothermic gasification reaction is supplied by 
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bed material circulating between the gasification reac¬ 
tor and a combustion chamber [30]. Char and recycled 
gasification raw gas are used as fuel for the combustion 
chamber. Tars are removed from the raw gas by a wet 
washing system using biodiesel as solvent. A fraction of 
the tar-loaded biodiesel is pumped into the combus¬ 
tion chamber and used as fuel. The methanation is 
realized within a fluidized-bed methanation reactor 
[23] and consists of an active carbon and a ZnO-bed. 
Afterward the raw-SNG is dried, carbon dioxide is 
separated from the gas with the help of an amine 
washing, and hydrogen is removed by membrane tech¬ 
nique. The overall system is shown in Fig. 7. 

For the reference concept “entrained-flow,” forest 
and short rotation wood is harvested and collected fully 
mechanized. At the field or forest, the biomass is stored 
and chipped for the following transport. The handling 
from the storage or chipping place into the freight hold 
of a truck is done with discontinuous conveyor. With 


the preliminary run, the distance between biomass site 
and the handling site for the subsequent main run is 
bridged. With the railway-based transport the main 
run to the conversion plant is carried out, whereas for 
the loading process, continuous conveyors are selected. 
The biomass is provided at the conversion plant with 
this reference pathway. Here the biomass is torrefied at 
250° C before gasification with oxygen as gasification 
agent [12] takes place. After water quench, the raw gas 
is cleaned from particles by a Venturi-washing system, 
conditioned with regard to the H 2 /CO-ratio in a water 
gas-shift reactor and separated from sulfur compounds 
and carbon dioxide with help of a Rectisol washing. 
The methanation is realized in an arrangement of 
fixed-bed methanation reactors. Thereby, additional 
steam is used to avoid carbon deposition at the catalyst 
surface. Finally, the raw-SNG is dried by cooling the gas 
down [27]. The reference concept “entrained-flow” is 
shown in Fig. 8. 


Solid biofuels 



Biomass Bio-SNG 


Biosynthetic Natural Gas. Figure 7 

Schematic overview of Bio-SNG reference concept "fluidized-bed" 
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Solid biofuel 



Biomass Bio-SNG 


Biosynthetic Natural Gas. Figure 8 

Schematic overview of Bio-SNG reference concept "entrained-flow" 


Technical Assessment 


In the following, both Bio-SNG production pathways 
are analyzed and compared from a technical point of 
view. The technical analysis focuses on the process 
efficiency of the Bio-SNG provision pathways at 
plant gate. 

The methodological basis for the technical assess¬ 
ment is the calculation of mass and energy balances 
with a flow sheet simulation. Based on these calcula¬ 
tions, the energetic gross and net efficiencies are deter¬ 
mined representatively for the technical 
competitiveness of the process. The efficiencies are 
defined according to Eqs. 3 and 4. 


_ I^sngI 

^gross — T“B 

\ r Biomass 


Vnet 



Tsng 


-^Biomass 

+ 

-^Electricity consumption 


( 3 ) 

( 4 ) 


According to different frame conditions and 
assumptions concerning plant site and process model¬ 
ling, for each process different efficiencies are calcu¬ 
lated. Typical ranges of these values of gross and net 
efficiency are shown in Fig. 9. 

Regarding the results shown in Fig. 9, both Bio- 
SNG production chains are characterized by net effi¬ 
ciencies in a similar range between 58% and 65%. 
However, due to process units with a high electrical 
power demand (e.g., air separation unit, biomass 
pretreatment), the reference concept “entrained-flow” 
shows a lower net efficiency than the reference concept 
“fluidized-bed.” 

Considering the calculated process efficiency, the 
overall Bio-SNG conversion chain is characterized by 
a high biomass-to-SNG rate. Even by including the 
plant’s electricity consumption, net efficiencies of 
more than 58% can be achieved. Major losses occur 
within the process step “biomass gasification” (cold gas 
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Biosynthetic Natural Gas. Figure 9 

Gross and net efficiency range for regarded reference concepts 


efficiency of about 70-80%) and the process step 
methanation (cold gas efficiency of about 80-90%). 

Economic Assessment 

For a successful market implementation of Bio-SNG 
(for instance as a transportation fuel), the production 
costs are an important indicator. Therefore, the specific 
Bio-SNG production costs are calculated here based on 
the annuity method [31]. The annual costs for capital, 
raw material, and auxiliaries will be allocated with the 
annual credits for by-products (e.g., heat). Depending 
on the yearly produced Bio-SNG the specific Bio-SNG 
production costs can be calculated. They refer to the 
lower heating value. An overview to the bandwidth of 
these costs from the regarded concepts is given in 
Fig. 10. 

The calculations show Bio-SNG production costs 
between 0.07 and 0.12 €/kWh Bio _ SNG . However, a cost 
reduction potential is given due to improvement and 
upscale of the plant concepts. Plants with the 
“entrained-flow” concept allow a lowering of the spe¬ 
cific production costs about 0.01 €/kWh Bio _ SNG , mainly 
due to the economy of scale effect. This is true due to 


beneficial effects related to the higher capacities (e.g., 
lower specific costs for investment, maintenance, 
insurance). 

Environmental Assessment 

For the environmental evaluation of the defined refer¬ 
ence concepts, the specific greenhouse gas (GHG) 
emissions are calculated in accordance to the allocation 
method described in the RES Directive [32]. 

For all steps of the Bio-SNG provision, the relevant 
inputs of energy or auxiliaries are assessed. The green¬ 
house gas (GHG) emissions allocated to the products 
Bio-SNG and heat according to the lower heating 
values. Greenhouse gas emissions for electricity con¬ 
sumption have been calculated based on the European 
electricity mix. The results are referred to the defined 
functional unit 1 GJ Bio _ S NG- The results of the regarded 
concepts “fluidized-bed” and “entrained-flow” are 
shown in Fig. 11. 

For the regarded Bio-SNG provision concepts, spe¬ 
cific greenhouse gas emissions between 20 and 35 kg 
C0 2 /GJ Bio _ S NG have been determined. The results show 
that the concept “fluidized-bed” has with 25 kg C0 2 / 
GJBio-SNG significant lower emissions. In comparison, 
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Biosynthetic Natural Gas. Figure 10 

Specific Bio-SNG production costs for the regarded reference concepts 



Biosynthetic Natural Gas. Figure 11 

Bio-SNG GHG emission for the regarded reference 
concepts 


the concept with entrained-flow gasification is charac¬ 
terized by about 5 kg c0 2 /GJ B io-SNG higher emissions. 
This is due to a more complex biomass supply (e.g., 
longer transport distances, higher number of handling 
processes), additional efforts within the conversion 
process (e.g., air separation unit) as well as a lower 
net efficiency of the conversion. 


Overall Assessment 

Below, the results of the technical, economic, and envi¬ 
ronmental evaluations are comprehensively discussed. 
Beside this, the possible implementation of the relevant 
Bio-SNG plant concepts will be analyzed with regard to 
the aspect flexibility. 

Both production pathways are characterized by 
similar gross energetic efficiency, while the concept 
“fluidized-bed” shows a higher net efficiency. Addi¬ 
tional, this production concept is advantageous in 
terms of environmental aspects. This is mainly due 
to a less complex supply structure for biomass and 
shorter transport distances than for concepts with 
several hundred megawatts fuel input, like for the 
“entrained-flow” concept. In contrast, the latter 
concept is beneficial regarding the Bio-SNG produc¬ 
tion costs (primarily due to the economy of scale 
effect). Furthermore, it has to be taken into account 
that with an increase of the scale from the conversion 
plant a raise of the economic risk in terms of invest¬ 
ment costs is given. 

For the establishment of a Bio-SNG plant beside 
infrastructural aspects (e.g., biomass provision - access 
to traffic infrastructure; distribution of energy 
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carrier - access to gas grid, heat sink) also biomass- 
related criteria are of importance. Between plants with 
varying scales, significant differences in terms of site 
requirements exist. For conversion plants with 
approximately 30 MW (e.g., concept “fluidized- 
bed”), the regional availability of biomass is impor¬ 
tant and a connection to the road network for the 
biomass supply is sufficient. Compared to this, large- 
scale concepts need favorable logistic conditions (e.g., 
access to railway and inland waterway or oversea), 
while the regional biomass availability is of minor 
importance. Due to these frame conditions, the site 
flexibility of Bio-SNG plants with smaller scale is 
significantly higher. 

Summing up, the implementation of Bio-SNG 
plants with a regional biomass supply seems to be 
favorable from the technical, environmental, and 
location-related point of view with plant concepts 
in the smaller scale (e.g., “fluidized-bed” concept). 
Only at outstanding sites, an establishment of 
large-scale production facilities for Bio-SNG is 
justified. 

Future Directions 

The demand for Natural Gas is increasing for mobile 
and stationary application. Due to climate protection 
reasons (e.g., to reduce greenhouse gas emissions) as 
well as for energy related reasons (e.g., to diversify 
supply sources) the substitution of Natural Gas 
through biomethane is a favorable alternative. 

With the production of Bio-SNG, a technically effi¬ 
cient solution is available to provide biomethane in an 
efficient way in the medium term in significant dimen¬ 
sions. The specific production costs as well as the 
resulting greenhouse gas emissions depend strongly 
on the local conditions of a potential conversion plant 
site and the structure of the biomass provision. How¬ 
ever, they are relatively low. 

Through a systematic technical enhancement of the 
entire process chain, the specific Bio-SNG production 
costs can be reduced and the greenhouse gas mitigation 
potential can be improved even further. 

For a successful market implementation of Bio- 
SNG, further research and development steps are 
required. In parallel, the consumer interest has to be 
raised for this sustainable and alternative biofuel. 
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